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PKEFACE TO THE FIKST EDITION 


In the development of chemical science during the preceding hundred 
years, the steady progress in importance which catalytic operations 
have achieved is distinctly remarkable. Their importance emerges 
alike in the purely theoretical and in the technical aspects of the 
subject. In the natural order, also, investigation has shown how pre- 
dominating a part the catalytic phenomenon plays. From the strictly 
utilitarian point of view, Industry was not slow to appreciate the 
advantages to be derived from the employment of agencies which 
should facilitate and speed-up ” manufacturing processes, nor was 
there lacking a body of scientific workers who steadily supplied the 
investigative and theoretical bases upon which such applications could 
be reared. As the scientific viewpoint develoj)ed, the physiologist and 
biologist rapidly associated the simpler chemical phenomena with the 
more complex processes operating in living matter. To-day, therefore, 
catalysis intrudes prominently into all branches of natural science, 
both pure and applied. 

The need for an exposition of the fundamental principles involved 
in this particular field of general chemistry and of the applicability of 
such principles in modern life has been widely felt and has ofiered to 
the authors the necessary inducement to prepare the present volume. 
An excellent chapter in Mellor’s Chemical Statics and Dynamics has 
formed, hitherto, the sole treatment in English of the theoretical 
aspects of the problem. From time to time various papers have 
catalogued the more important practical applications of catalysis. 
The monograph of Sabatier, La Catalyse en chimie organique, deals 
more particularly with the applications to preparative organic chem- 
istry, with shght reference to the physico-chemical theories involved. 
Dr. Gertrud Woker has compiled a detailed survey of the theoretical 
aspects of catalysis and of their application to the problems of analytical 
procedure, in IVlargosches^s Sammlung, entitled, Die chemische 
Analyse’’, vols. xi., xxi., and xxiii. The volume entitled Unter- 
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sucJiungen im Gebiete der Kinetik der chemischen. Reaciionen u\ 
Katalyse^ by tbe Russian, Orloff, and La Catalisis Quimica, by P. 
Vittoria, are supplementary to tbe above volumes. From all tbe 
sources, to wbicb we wish to acknowledge our indebtedness, we ba- 
freely drawn in an effort to obtain a systematic and comprebensr 
treatment of tbe whole subject. 

For personal assistance in tbe compilation of tbe work we wis 
to express our thanks to Professor F. G-. Donnan, F.E.S., for advii 
and for stimulating and continuous encouragement, and to Professi 
W. M. Bayliss, F.E.S., for a kindly criticism of tbe chapter dealii 
with Ferments and Enzyme Action. 

Tbe diagrams have been drawn by our laboratory assistan 
Mr. A. Hiscocks, to whom we express our acknowledgments an 
thanks. 

With a subject tbe bterature of wbicb is already so consider ab 
and is increasing so rapidly and continuously, it is not possible to gi\ 
an exhaustive summary of tbe scientific and technical references. T1 
aim, rather, has been to embody in tbe text tbe main lines of develo] 
ment, choosing from tbe available examples suitable data for tt 
purposes of illustration. It is hoped that such an object has bee 
achieved. Criticism or additional information relative to tbe subject 
treated will be welcomed. 

Tbe subject matter of tbe volume deals with tbe influence c 
catalysts in tbe reactivities of atoms and molecules among tbemselvej 
In tbe future, tbe problems of chemistry will centre more and mor 
around tbe intra-atomic reactions and atomic structure. Already 
tbe evidence is available that tbe atoms undergo processes of radio 
active disintegration at definite but, thus far, unalterable speeds 
Will tbe catalytic agencies be found wbicb shall accelerate tb 
velocity of atomic decay and render available tbe enormous store 
of intra-atomic energy ? Such is a fitting problem for tbe year 
that lie ahead. 

London, November 11, 1918. 
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PREFACE TO THE SECOND EDITION 


Progress in catalytic studies since the first edition of this volume 
has necessitated a complete revision of the text and the addition of 
several new chapters. 

Advances are recorded in both the theoretical and practical field. 
The concept of active ” molecules first postulated by Arrhenius is 
beginning to assume at least the shadow of an objective reality, and 
the processes of activation explored by the physicist are being earnestly 
sought for in chemical reactions. In contact catalysis, experimental 
investigations have yielded a definite concept of the solid catalytic 
agent, its properties and behaviour, all of which could only be surmised 
sopie years ago. In the domain of theoretical homogeneous catalysis, 
very definite progress in correlating the data of catalysis with the 
thermodynamic properties of solutions can be recorded, and a com- 
mencement has been made in the inquiry as to the conditions of 
stability of associated complexes and their electronic structure. 

In the applied science, the record of a new, high-pressure, catalytic 
industrial process, the synthesis of methyl alcohol and motor fuels 
from water gas, will serve to show what further potentialities are 
latent in the field. 

The character of the volume remains the same. IsTo attempt is 
made to make of it an extensive bibliography of catalytic literature. 
The rapidity with which the science is growing practically makes that 
an impossibility. It aims to present a critical survey of the catalytic 
field from the standpoint of the theory of the subject. It is the belief 
of the authors that any extension of our theoretical knowledge will 
cause the practical application to be more readily achieved. 

We welcome the appearance of a second edition of Sabatier’s 
monumental work, La Catalyse en chimie organique^ both in an 
original French and an amplified English translation. It forms a very 
valuable complement, we 'believe, to the present' volume, which, we 
hope, will be of value also to the organic chemist, stressing as it does 
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the theoretical aspects of the practical preparative data of Sabatie 
We also acknowledge our indebtedness to the Eeports of the Committ^ 
on Contact Catalysis of the National Eesearch Councib U.S.A., whic 
have materially lessened our labours by their frequent surveys ' 
problems with which we are here intimately concerned. 

We hope that, in the revised form, the book will receive as kind] 
a welcome as met our initial efiort. We wish here to acknowled^ 
our indebtedness to many kind friends for suggestive criticisms an 
advice as to the content of this work. It is our hope that the volun 
may be a further incentive to research and development in a ver 
fruitful field. 


Loxdox, December 1925. 
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CHAPTER I 


I EARLY HISTORY 

conscious development of catalysis in chemical science dates 
from the co-ordination hy Berzelius, in 1835, of a number of isolated 
. observations made by various investigators in the early decades of 
the nineteenth century. Berzelius for m^-ny years contributed annually 
to the Swedish Academy of Sciences a report on the progress of the 
physical sciences during the preceding year. The communication of 
r March 1835, subsequently pubhshed as the JahresheriGhte fur GTiemie, 
1836, contained, inter alia, a discussion of the researches of Mitscherlich ^ 
on the role of sulphuric acid in the preparation of ether from alcohol. 
It was shown by Berzelius that the results of this investigation possessed 
features common to several investigations of the most diverse character. 
The argument as developed by Berzelius may be briefly summarised.^ 

^ Up to 1800, it was recognised that, besides the normal tendency of 
bodies to combine, heat and in some cases light could also act in the 
process of combination. Later, the influence of electricity was re- 
! cognised, but it was soon seen that chemical and electrical affinities 
were the same thing, and that heat and light had no other action than 

I ' to augment and diminish these affinities.^’ A new type of force was 
involved, however, according to Berzelius, in a number of reactions. 
Thus Kirchhof had shown ® that in the conversion of starch to sugar 
by means of dilute acids, the acid eflecting the change remained un- 
altered. Thdnard discovered hydrogen peroxide and showed that in 
I presence of acids the substance was stable. With alkali, however, 

^ decomposition set in with evolution of oxygen, which was also facilitated 
by the presence of substances such as manganese, silver, platinum, 
gold, and fibrin.^ Edmund Davy^ demonstrated that, with finely 
divided platinum soaked in spirit of wine, ethyl alcohol was oxidised to 
acetic acid. In 1822 Dobe'reiner ® showed that spongy platinum in the 
cold induced the spontaneous combustion of hydrogen and. oxygen. 


1 Pogg. Ann., 1834* 31, 273. 

2 JahreshS,, 1836, 237 ; Ann. Ghim. Phys., 1836 (iii.), 61, 146. 

^ JSchweigger^s Journ., 1812, 4, 108. * Ann. Ghim. Phys., 1818, 9, 314. 

® Phil. Trans., 1820, 100, 108. ® Schweigger^s Journ., 1822, 34, 91 j 
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and this observation was followed by the discovery of Dnlong e 
Tbenard ^ that gold, silver, and even glass possessed the same prope 
if the temperature of these agencies was sufficiently raised. Eina' 
cites Berzelius, the researches of Mitscherlich show that the convers 
of alcohol to ether was not dependent on the affinity of sulphuric a 
for water, since by a proper adjustment of conditions the addition 
alcohol to sulphuric acid resulted in the evolution of ether and wat 
the sulphuric acid therefore being analogous to the alkali of Thenard 
the decomposition of hydrogen peroxide. 

Berzehus therefore concludes : It is then proved that seve, 

simple and compound bodies, soluble and insoluble, have the propei 
of exercising on other bodies ah action very different from chemii 
affinity. By means of this action they produce, in these bodi 
decompositions of their elements and different recombinations of the 
same elements to which they themselves remain indiherent. 

This new force, which was hitherto unknown, is common 
organic and inorganic nature. I do not believe that it is a force qu 
independent of the electro-chemical affinities of matter ; I believe, 
the contrary, that it is only a new manifestation of the same ; bi 
since we cannot see their connection and mutual dependence, it v 
be more convenient to designate the force by a separate name. I v 
therefore- call this force the catalytic force, and I will call catalysis t 
decomposition of bodies by this force in the same way that one ca 
by the name analysis the decomposition of bodies by chemical affinity 
The illustrations of catalysis cited by Berzelius in the memc 
just quoted represented by no means an exhaustive list of the catalyi 
operations which had up to that time been used and studied. Obvious] 
many of the primitive arts in’^ved unconsciously the application 
Berzelius’s catalytic force The production of wine, for examp! 
by fermentation processes dates back to the ancients, though neith 
sugar nor alcohol appears to have been known, as such, to Plin 
Berthelot tracing back the rectification of alcohol from wine no furth 
than the eighth century.^ The production of acetic acid by ferment 
tion of wine gave the ancients their earliest acid solvent. The man 
facture of soap by the action of alkalis on fats also dates back 
ancient times. Phny ^ refers to Sapo, GaUorum hoc inventuin 
and makes it probable that the Eomans received from Gaul ai 
Germany a product prepared from animal fat and the aqueous extra 
of ashes. Ether, which has b‘^n attributed to the Arabians, Wi 
certainly well known in the Middle-. Ages, being produced by the acti( 
of sulphuric acid on alcohol. The first exact knowledge of its prepar 
tion we owe to Valerius Cordus in the sixteenth century. The miner 
acids were not known until the alchemical era, but the preparation ■ 
sulphuric acid by setting fire to sulphur admixed with saltpetre is tl 

^ Ann. Chim. Phys., 1823 (ii.), 23, 440 ; 24, 380. 

2 Ann. GUm., 1852 (vi.), 23, 433. ^ 28, 12. 
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alchemical origination of the catalytic lead chamber process of sul- 
phuric acid manufacture. The identity of the sulphuric acid obtained 
by the difierent methods of preparation from alum, from vitriol, and 
from sulphur and nitre was established by Libavius in the latro- 
jT chemical era, to whom is also to be attributed the first use of the term 
catalysis ” in a chemical treatise. In the table of contents of his 
treatise on Alchymia is to be found a section devoted to Catalysis 
but, according to Goldschmidt,^ examination of the treatise itself 
fails to reveal anjrthing corresponding with that implied in our modern 
use* of the term. One cannot entirely dissociate the alchemist’s search 
f5r the “ philosopher’s stone ” from the modern search fory'suitable 
catalysts, peorge Eipple likened the stone to a ferment, ^he records 
of the effi-cacy of the philosopher’s stone in the literature of alchemy 
suggest, moreover, the poisoning of catalysts with which, later, this 
volume will be largely cc^cerned. Thus, Eoger Bacon ascribes to the 
stone the power to transform a million times its weight of base metal 
into gold. The more audacious Eaymond Lully cites the transforma- 
tion of ten billion tiMes its weight of base metal. But, with the decay 
of alchemy, the claims bedbme more modest, or the poisoning effect 
becomes the more pronounced,''* for John Price, the last alchemist and 
gold-maker of the eighteenth century, is but able to chronicle an 
efficacy of thirty" times and one of sixty times the weight of the stone. 

Of researches prior to and in the early decades of the nineteenth 
century concerned with the operation of a catab^ic agent and not^^ 
"included in the co-ordination of Berzelius, particular mention might 
bo made of the following. Mrs. Eulhame ^ dealt with the influence of 
vrater on chemical reaction, more especially in the reduction of metallic 
- oxides and in the oxidation of carbon monoxide, and clearly demon- 
strated the necessity for the presence of water, at least in traces, for 
the productioi). of reaction. The researches of Dobereiner on the 
combustion of hydrogen and oxygen were preceded hy<i^c observations 
of Sir Humphry Havy^ on the capacity of platinum wires or foil 
heated to below redness to promote the combinatiorTt)! oxygen with 
coal-gas, cyanogen, hydrogen cyanide, alcohol, ether, or naphtha. 
Erman ^ showed that platinum at a temperature of 60° was sufficient-^ 
to ignite a mixture of hydrogen and oxygen. Dobereiner’s worb^on 
the action of cold platinum introduced into the gases was rapidly 
followed by that of Turner ® on the action of platinum in promoting 
the combination of hydrogen with chlorine and other gases, ^and' his 
unsuccessful attempts to cause preferential combustion. 

Impurities such as hydrogen sulphide, ammonia, carbon disulphide, 
ethylene, and ammonium sulphide were shown to inhibit the activity 
of platinum. It was this inefficiency of the platinum sponge on the 

Zeitsch. Elektrochem., 1903, 9, 736. ^ An Essay on Conibustion, London, 1794. 

3 Phil. Trans., 1817, 97, 45. ^ Ahh. Akad. Wise. Berlin, 1818-19, 368. 

5 Edin. PUl. J., 1834, 11, 99, 311. 
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compounds of cLarcoal and hydrogen in mixture with oxygen, while 
it reacts so remarkably -with common hydrogen, and also, though 
slowly, on carbonic oxide ”, that suggested to Henryk the possibility 
of solving by its means some interesting problems in gaseous analysis. 
I hoped more especially to be able to separate from each other the 
gases constituting certain mixtures, to the compositions of which 
approximations had hitherto been made, by comparing the phenomena 
and results of their combustion with those which ought to ensue, 
supposing such mixtures to consist of certain hypothetical proportions 
of known gases.” And the conclusion is drawn that, ‘‘ When the 
antion of the platinum sponge was moderate, only the hydrogen and 
carbonic oxide were consumed, or at most the olefiant gas was but 
partially acted upon. From the facts which have been stated, it 
appears that when the compound combustible gases, mixed with each 
other, with hydrogen, and with oxygen, are exposed to the platinum 
balls or sponge, the several gases are not acted upon with equal facility ; 
but that carbonic oxide is most disposed to unite with oxygen ; then 
olefiant gas, and, lastly, carburetted hydrogen. By due regulation 
of the proportion of hydrogen it is possible to change the whole of the 
carbonic oxide into carbonic acid without acting on the olefiant gas 
or carburetted hydrogen.” At a temperature of 170° it was further 
shown by Henry that ‘‘ when carbonic oxide and hydrogen gases in 
equal volumes, mixed with oxygen sufficient to saturate only one of 
them, were placed in contact with the sponge, from the quantity of 
carbonic acid remaining at the close of the experiment it appeared 
that four-fifths of the oxygen had united with the carbonic oxide and 
only one-fifth with the hydrogen ”, a remarkable result, which was 
also obtained when excess was used. This extraordinary research 
represents in many respects a study of catalytic action of the most 
fundamental importance even at the present day. 

The genesis of the modern contact process of sulphuric acid manu- 
facture dates also from the period prior to the BerzeUan definition of 
catalysis. Phillips, a Bristol manufacturer of vinegar, patented ^ the 
use of platinum, whether of wire or sponge, for the oxidation of sulphur 
dioxide by means of air. The process was employed at Lille by 
Kuhlmann in 1883, but was abandoned owing to loss of catalytic 
activity by the platinum, an inhibiting factor which was not satis- 
factorily overcome in technical practice until the dawn of the present 
century. 

It is to Faraday ^ that we owe a detailed inquiry into the power 
of metals and other sohds to induce the combination of gaseous bodies ” 
and into '"some very extraordinary interferences with this pheno- 
menon The researches were initiated in the course of experiments 

^ PAt?. Mag,, 1825, 65, 269. 2 6069/1831. 

® JSxpenmental Researches in Electricity, 1849, 1, 166, 6tli seriei^, Nos. 664-669 ; “Everyman’s 
liibrary ”, Ho. 576, pp. 84-111; Phil, Trans,, 1834, 114, 66. 
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to render efficient tlie hydrogen-oxygen voltameter, in wiiich Faraday, 
was occasionally surprised at observing a deficiency of the gases 
resulting from the decompositions of water, and at last an actual 
disappearance of portions which had been evolved, collected, and 
measured. ... It was found that this efiect was not due to the escape 
or solution of the gas, nor to recombination of the ox3^en or hydrogen 
in consequence of any peculiar condition they might be supposed to 
possess under the circumstances ; but to be occasioned by the action 
of one or both of the (platina) poles within the tube upon the gas 
around them.” It was established that the positive platina plate 'was - 
more active than the negative, and that with the former, in addition 
to its rapid action on oxygen and hydrogen, a feebler action was exerted 
by it on mixtures of nitrous oxide and hydrogen. According to 
Faraday, mixtures of olefiant gas or carbonic oxide with oxygen, or of 
equal volumes of hydrogen and chlorine, were not afiected by^the 
prepared platina plate. 

“ Eeverting to the action of the prepared plates on mixtures of 
hydrogen and oxygen, I found that the power, though gradually 
diminishing in all cases, could still be retained for a period varying 
in its length with circumstances. . . . The continuance of the action 
greatly depended upon the purity of the gases used. . . . The act of 
combination always seemed to dinoinish, or apparently exhaust, the 
power of the platffia plate.” 

As a result of his inquiries Faraday concludes that it may be 
observed of this action, that, with regard to platina, it cannot be due 
to any peculiar, temporary condition, either of an electric or any 
other nature : the activity of plates rendered either positive or negative 
by the pole, or cleaned with such difierent substances as acids, alkalis, 
or water ; charcoal, emery, ashes, or glass ; or merely heated, is 
sufficient to negative such an opinion. Neither does it depend upon 
the spongy and porous, or upon the compact and burnished, or upon 
‘the massive or attenuated state of the metal, for in any of these states 
it may be rendered effective or its action taken away. The only 
essential condition appears to be a perfectly clean and metallic surface, 
for whenever that is present the platina acts, whatever its form and 
condition in other respects may be ; and though variations in the 
latter points will very much affect the rapidity, and therefore the 
visible appearances and secondary efiects of the action, i.e. the 
ignition of the metal and the inflammation of the gases, they, even 
in their most favourable state, cannot produce any eflect unless the 
condition of a clean, pure, metallic surface be also fulfilled. 

“ All the phenomena connected with this subject press upon my 
mind the conviction that the effects in question are entirely incidental 
and of a secondary nature ; that they are dependent upon the natural 
conditions of gaseous elasticity combined with the exertion of that 
attractive force possessed by many bodies, especially those which are 
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solid, in an eminent degree, and probably belonging to all ; by wbicb 
they are drawn into association more or less close, without at the 
same time undergoing chemical combination though often assuming 
the condition of adhesion ; and which occasionally leads, under very 
favourable circumstances, as in the present instance, to the combina- 
tion of bodies simultaneously subjected to this attraction. I am myself 
prepared to admit (and probably many others are of the same opinion), 
both with respect to the attraction of aggregation and of chemical 
affinity, . that the sphere of action of particles extends beyond those 
other particles with which they are immediately and evidently in 
union, and in ‘many cases produces effects rising into considerable 
importance ; and I think that this kind of attraction is a determining 
cause of Dobereiner’s effect, and of the many others of a similar 
nature.” 

It wiU be evident, therefore, that Earaday, in 1833, and prior to 
the co-ordination by Berzelius of the several examples of catalytic 
action, had clearly expressed a theory as to the mechanism whereby 
such action should occur. The theory, it will be observed, confirms 
the viewpoint expressed by Berzelius in his later publication, that the 
catalytic force is not independent of the affinities of matter but only 
a new manifestation of the same. 

The retardation caused by admixture of foreign gases on the 
combination of hydrogen and oxygen was also studied by Earaday, 
who found that " the order in which carbonic acid and these substances 
seemed to stand was as follows, the first interfering least with the 
action : nitrous oxide, hydrogen, carbonic acid, nitrogen, and oxygen ”. 
These did not prevent the action of the plates, “ nor was the retardation 
so great in any case as might have been expected from the mere 
dilution of the oxygen and hydrogen Earaday found that ethylene 
decreased the action of platinum more than did carbon monoxide ; 
but this result was not confirmed by Henry ^ ; Bancroft ^ thinks this 
was probably due to some impurity in Earaday’s ethylene. The 
retardation by carbon monoxide, however, is well confirmed by both 

Of the explanation of retardation, Earaday writes : The theory 
of action which I have given for the original phenomena appears to 
me quite sufficient to account for ail the effects by reference to known 
properties, and dispenses with the assumption of any new power of 
matter. I have pursued this subject at some length, as one of great 
! consequence, because I am convinced that the superficial actions of 

I matter whether between two bodies, or of one piece* of the same body, 

I and the actions of particles not directly or strongly in combination, 

i are becoming daily more and more important to our theories of chemical 

I as well as mechanical philosophy. In all ordinary cases of combustion 

j it is evident that an action of the kind considered, occurring upon 

j 1 PM. Mag., 1836 (iii.), 65, 329. 2 Physical Ohem., 1917, 21, 755. 
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he surface of tlie carbon in the fire, and also in the bright part of the 
ame, must have great influence over the combinations there taking 
lace.’’ 

The student of catalysis no less than, for other reasons, the student 
i electro-chemistry is deeply indebted to Faraday for this early 
rientation into the mechanism of catalytic action. 

The isolation by Payen and Person ^ of the enzyme diastase from 
le extract of barley malt was succeeded by the discovery of emulsin 
L bitter almonds by Liebig, and the formulation of a theory of its 
Lode of action, which, however, in view of the preceding review of 
araday’s work, is wrongly stated by Ostwald ^ to be the first theory 
E catalytic action. 

In propounding a theory of catalytic action Liebig was. animated 
ith the purpose of demonstrating that the Berzelian concept of a 
)ecial catalytic force was superfl.uous. As originally expressed, the 
luse of catalytic action lay in the facility possessed by a body in 
^composition or combination of communicating to another body in 
)ntact with it the same chemical activity or the same powers of 
)mbination which the body itself possessed. In illustration of this 
:operty, Liebig cited the combustion of a body by bringing it into 
)ntact with a body which is itself undergoing combustion, and, in 
Lrther illustration, the solubihty of platinum when alloyed with 
Lver in acids in which normally the platinum alone remains insoluble. 

The illustrations chosen by Liebig can scarcely be described as 
ippy, since, as Berzelius very readily pointed out,^ numerous researches 
id already shown that a burning body was' not necessary for the 
roduction of combustion. Even cold platinum sponge was sufficient 
I bring about the ignition and also explosive combustion of hydrogen 
id oxygen. On the other hand, the solubility of platinum when 
loyed with silver was not to be explained on Liebig’s assumptions, 
ace, as Berzelius emphasised, solution of platinum was not ejected 
ben present in alloys with iron, copper, zinc, or mercury. 

Liebig was therefore constrained to modify his theory of catal 3 rbic 
tion, and did so in reference to the problem of sugar fermenfp'.tion. 
le hypothesis became one of molecular vibrations ”, communicable, 
r contact, to another body, thus setting up in the atoms of the second 
stem similar motions leading to reactions or decomposition. In 
e particular case of sugar fermentation, this would involve that 
e decomposing yeast-cells, in the process of decomposition, induce 
stability in the molecules of sugar which thereby suffer accelerated 
composition to alcohol and carbon dioxide. 

The disadvantage of the Liebig theory lies in its unassailability, 
ice no possible test of the theory can readily be devised. It is 

1 Ann. Chim. Phys., 1833 (ii.), 52, 73. 

^ “tiber Catalyse”, Vers. Oes. Peutscli. Nalurforscher und Jrzte, Hamburg, 1901. 

3 Jaliresber,, 1841, 20, 452. 
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comprehensive, and as such has earned considerable popularity, owing to 
its applicability to numbers of imperfectly understood reactions ; but, 
as Ostwald pointed out, ^ it is of but little use as an auxihary to scientific 
research, for the direction and suggestion of new lines of investigation. 
The theory called forth the following caution from Berzelius : In 
science, one always loses by plausible explanations published pre- 
maturely ; the only correct method of attaining certain knowledge 
' is to be found in leaving the incomprehensible until the explanation 
sooner or later is given by facts which are so clear that divided opinion 
upon the matter can scarcely arise. The procedure thus recommended 
by Berzelius was faithfully exemplified in the researches of Schonbein, 
to whom is due many of the facts of the problem of catalysis which 
we at present know, but who partook to no extent in the theoretical 
discussions as to cause. 

The action of oxides of nitrogen in the lead chamber process 
possesses considerable historical interest in regard to catalysis, since 
the explanation originally put forward by Clement and D4sormes ^ 
involving a series of cyclic reactions, the alternate formation and 
decomposition of '' chamber crystals may be regarded as the first 
attempt to explain a catalytic process by what has come to be termed 
the intermediate compound theory. In all the early discussions of 
the nature of catalytic processes this case was apparently overlooked. 
The corresponding explanation of the etherification process by William- ’ 
son in 1854,^ involving the intermediate formation and subsequent 
decomposition of ethyl sulphuric acid, established the concept of 
intermediate compound formation and led eventually to its ^extended 
application to the theoretical interpretation of catalytic processes in 
which the stoichiometric relationships were not so definitely established. 

In the development of a subject so intimately concerned as is 
catalysis with the conception of velocity of reaction the researches of 
Wilhehny,^ entitled On the Law according to which the Action of 
Acids on Cane-sugar Occurs call for special reference. The import- 
ance of the researches lies in the fact that they were the first successful 
attempts to study the operation of the time factor in chemical reaction. 
Wilhelmy showed with reference to the hydrolysis of cane-sugar that 
the rate of inversion was at any moment proportional to the amount 
of cane-sugar undergoing transformation, in strict agreement with the 
mathematical equations which he developed from general considera- ^ 
tions. The research, moreover, is the first successful attempt to 
establish the law of mass action in a quantitative manner. Wilhelmy 
further studied the influence of temperature and concentration of 
acid in reference to reaction velocity, without, however, coming to 
any important conclusions. At the close of his research Wilhelmy 
remarks : “ I must leave it to the chemists to decide, whether and how 

1 Loc. cit, 2 Ann. CUm., 1806, 59, 329. 

3 Ann. Ohim. Phys., 1864 (iii.), 40. ^ Pogg, Ann., 1850, 81, 413, 499. 
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far the formulae obtained are applicable to other chemical processes ; 
in any case, all those processes to which one ascribes the operation of 
a catalytic force seem to me to belong to this class.’’ Ostwald 
has pointed out, the research was overlooked by numerous later in- 
vestigators, and it was not until the attention of men of science had 
been directed to the work by Ostwald^ that it was recognised that 
Wilhelmy is to be designated the discoverer of the laws of chemical 
reaction velocity, since the formulse which he put forward were sub- 
sequently shown to be applicable to a number of chemical processes. 
The extension of Wilhelmy’s work was undertaken by Lowenthal and 
Lennsen,^ who showed that the velocities with which the acids invert 
cane-sugar is proportional to the strengths of the acids. The induence 
of temperature on reaction velocity was successively studied by 
Berthelot,^ by Harcourt and Bsson,^ and later still by Warder,^ Urech,® 
van ’t HofE, Arrhenius, and many others. 

Ostwald claims to have introduced the concept of reaction velocity 
as a definite criterion of a catalytic process by his insistence, since 1888, 
on the point of view that the catalyst is to be regarded as accelerator 
(or inhibitor) of a reaction already taking place, in contradistinction 
to the concept that a catalyst can initiate a reaction. In agreement 
with this idea, the following definition of catalysis was put forward 
by Ostwald : Catalysts are substances which change the velocity of 
a given chemical reaction without modification of the energy factors 
of the reaction.” It is claimed by Ostwald for this change, slight 
though it appears, that it has yielded important rei^ults in the scientific 
development of the subject, since it has facilitated exact investigation 
of the magnitude and character of such acceleration. The point of view 
thus put forward does not enjoy universal acceptance. Schonbein, 
J. J. Thomson, H. B. Armstrong, and Duhem have all indicated 
their opinion that a catalyst may actually initiate a reaction. 

Of the early efiorts in the study of catalysis there remain for con- 
sideration those which have reference to the influence of the catalyst 
on reversible processes. As early examples among these may be 
cited the researches of Lemoine ® on the decomposition of hydriodic 
acid, as a type of a heterogeneous catalysis, and those of Berthelot ® 
on the equilibria attained in esterification processes, as a type of homo- 
geneous catalysis. 

Lemoine demonstrated that in presence of platinum sponge the 
decomposition limit at 350° was 19 per cent, attained practically 
immediately. On the contrary, operating without a catalyst at the 
same temperature under a pressure of two atmospheres, a limit of 

1 J. pr. Chem., 1884, 29, 385. a Ibid., 1862 (i.), 85, 321, 401, 

^ Oompt. rend., 1864, 59, 616 et ae^. ; Ann. Ghim. Phya., 1869 (iv.), 18, 146. 

^ Phil. Trans., 1867, 167, 117. 6 Amer. Qhem. J., 1881, 3, 203. 

8 Ber., 1883, 16, 762 ; 1884, 17, 2165 ; 1887, 20, 1836. 

’ Ghemiache Bdrachtungen, “ Die Aula ”, 1895, No, 1. 

8 Ann. Ghim. Phya., 1877 (v.), 12, 145. 8 BuU. Soc. Ghim., 1879, 31, 342. 
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18*6 per cent decomposition was attained, althoiigli only after an 
interval of 250 to 300 Lours. 

BertLelot established the same independence of the equilibrium 
state in the esterification of alcohols by acetic acid in the absence, 
and in presence, of traces of mineral acid catalysts such as hydrochloric 
or sulphuric acid. At the ordinary temperature the equilibrium state 
was reached with equivalent initial concentrations of alcohol and acid 
when 66 per cent of the alcohol had been converted in either case, 
the time required, however, involving years of contact in the absence 
of catalyst as opposed to a few hours in presence of the mineral acid. 
In the subsequent theoretical discussion it wiU emerge that the role 
of the catalyst in the question of equilibrium has a very considerable 
significance, and has therefore been the object of numerous investiga- 
tions. The manifold directions which these have assumed necessitate 
special and individual treatment not consonant with an historical 
survey, and consequently further discussion will not be intruded at 
this juncture. 

From 1880 onwards the studies of catalytic reactions rapidly 
multiplied. They were concerned with all the many-sided aspects 
of the problem. On one hand, investigations yielded advance in the 
knowledge of theoretical principles underlying catalytic change. On 
the other, carefully conducted investigations added to the list of 
reactions capable of catalytic acceleration, a list which, judging by 
the investigations of Thenard ^ on hydrogen peroxide decomposition, 
or by the speculations of Ostwald, might well become comprehensive 
of all chemical reactions. Catalytic processes were employed with 
signal success in the studies inaugurated by the theory of electrolytic 
dissociation of Arrhenius and in the development of modern physical 
chemistry which resulted from that theory and the theory of dilute 
solutions of van ’t Hoff. At the same time there was developing, 
constantly and consciously, the application of catalysis to industrial 
enterprise, which has yielded results the importance of which can be 
adjudged from a consideration of the manufacture of synthetic indigo, 
of contact sulphuric acid, of synthetic ammonia, or of the modern 
hydrogenation of fats. 

It is to the many features of all such developments that attention 
will, in the succeeding chapters, be directed. 


^ Ann, Qhim. Phys,, 1818, 9, 314. 
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CRITERIA OE CATALYSIS 

r the preceding chapter relative to the early history of catalysis it 
.s been shown that a large number of reactions proceed in the 
esence of suitable agents, which, following the nomenclature of 
irzelius, are called catalytic agents, the reactions themselves being 
oken of as examples of catalysis. Thus far, however, no exact 
finition of catalytic action has been laid down, and little has been 
id as to criteria of catalysis beyond the definition attributed to 
;twald, in which the acceleration of a reaction by the presence of a 
i^-en substance is regarded as a criterion of catalytic action. In order, 
erefore, to delimit the field of chemical science with which this survey 
concerned, it is necessary to proceed to an examination of the various 
3ts which may be applied to a given chemical operation in order to 
certain whether, in the process thereof, the phenomenon of catalysis 
brudes. The criteria thus laid down it will be advantageous to 
iistrate by reference to typical examples and to the research work 
lich has been conducted with a view to verification. 

The fundamental characteristic of all catalysed processes is that 
ey are reactions which, in the thermodynamic sense, are classed as 
ontaneously occurring processes. That is, they are reactions which 
cur with diminution of free energy. Any such reaction which is 
celerated by the presence of an added substance may be classed as a 
talytic action, and the agent added may be regarded as the catalyst 
catalytic agent. The catalyst therefore operates to produce equili- 
ium, in a system removed from the equilibrium state, more rapidly 
an this would be achieved in the absence of the catalyst. This 
aracteristic limits fundamentally the range of catalytic study, 
lus, while it encourages a search for catalysts which will promote 
e combination of nitrogen and hydrogen to the extent which modern 
Lysico-chemical studies have shown to be possible from the thermo- 
mamic data in question, it discourages definitely a search for 
celerating agents for reactions opposed to the normal free energy 
Lationships of the reaction system. Search is useless for a catalytic 
:ent which shall transform, for example, large quantities of oxygen, 
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at room ternperature, into ozone, since the equilibrium concentration 
of ozone in presence of oxygen, at room temperature, is vanishingly 
small. Similarly, it is not possible, with the aid of a catalytic agent, 
to achieve, at a given temperature, an equilibrium concentration of a 
resultant equal to that prevailing at some other temperature, if the 
equilibrium concentration varies markedly with temperature. More 
concretely, we may say that, in the production of nitric oxide from 
nitrogen and oxygen, it is not possible to achieve with the aid of a 
catalyst, at lower and more practicable temperatures, the equilibrium 
concentrations of the oxide which are normally obtained at the high 
temperature of the electric arc. Eor, such concentrations would be 
greater than the equilibrium concentrations at the lower temperature 
concerned, since the combination of nitrogen and oxygen to form 
nitric oxide is endothermic, and the catalyst would be therefore 
employed in achieving a reaction in opposition to the normal free 
energy of the process. It should be demonstrable, in all the numerous 
types and examples of catalytic processes discussed in the following pages, 
that they are reactions involving a diminution of free energy, reactions 
progressing towards the normal equilibrium condition of the system. 

The criterion of velocity increase is an essentially practical criterion, , 
for on this is based a differentiation in catalytic efficiency. From 
the practical standpoint, the addition, to a reaction system, of a 
substance which has no influence either on the equilibrium or on the 
speed with which equihbrium is attained is without interest, although 
from the theoretical standpoint interesting problems might be involved. 
Catalytic efficiency will be judged either by the relative accelerations ' 
produced by equal quantities of added catal 3 rbic agents or by the 
relative concentrations of added agents which are required to produce 
a given acceleration. The mechanism by which the acceleration is 
produced in the two cases may be entirely different. Furthermore, 
relative efficiencies may vary with variation in the physical conditions 
under which the reaction is carried out. These two factors may be 
illustrated conveniently by the so-called water-gas reaction, 

C0 + H20 = C02+H2, 

with two catalytic agents copper and oxide of iron. Over the range 
200°-300® C. copper is more efficient than iron oxide as a catalyst for 
this reaction.^ '‘Above 300® C., however, iron oxide is quite deflnitely 
the more efficient, and, in the region of 400®-450° C., equilibrium 
conversions are readily achieved. With copper, at these temperatures, 
a relatively low and decreasing efficiency is found. Armstrong and 
Hjlditch show that this varying efficiency and order of efficiency may 
be attributed to the differing mechanisms whereby the reaction in 
question is achieved. Whereas, in the case of copper, the products 
appear to be forjjned via formic acid as an intermediate stage, in the 

^ Armstrong and Hilditch, Proc. Roy, Soc., 1920, 97a, 265. 
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presence of iron oxide an alternate reduction of the oxide by carbon 
monoxide and oxidation of the reduction product by stearh apparently 
occur. It is .evident from this, also, that mechanism cannot be involved 
in the criteria of catalysis. 

Certain additional observations of facts in regard to catalytic 
processes may now be made. The catalytic agent is present in the 
reaction system on completion of the reaction process. If, therefore, 
the reaction products be removed and further quantities of the re- 
actants be brought into contact with the catalyst, the process can be 
repeated and the sequence thereby continued indefinitely. Herein 
lies one of the principal practical advantages of the catalytic agent, 
since it ensures that, with minimal amounts of catalyst, large quantities 
of the reacting substances may be transformed. So long ago as 1806, 
observation of the cyclic nature of the reaction of oxides of nitrogen 
in the lead chamber process of sulphuric acid manufacture led Clement 
and Desormes to this conclusion, which is universally valid in all cases 
in which the possibihty of secondary reactions is excluded. These 
latter, however, are by no means infrequent, and so it is common in 
the hterature of catalytic agencies to refer to the “ life of a catalyst. 
This may be stated in a variety of ways, all of which, however, are 
referable to the ratio of reactants transformed to catalytic material 
employed. 

In illustration of the several points thus raised in connection with 
the quantity of catalyst required for the transformation of reacting 
substances, the following examples may be cited. Bredig has pointed 
out that the combination of hydrogen and oxygen at the ordinary 
temperature could be brought about by 2*5 c.c. of a colloidal solution 
of platinum containing as little as 0*17 milligram of platinum, and 
that, Q/t the outset, the rate of combination was 1*8 c.c. of gas per minute. 
After a period of time during which 10 litres of gas had undergone 
combination, it was found that the activity of the colloidal solution 
was still unimpaired, the velocity of combination being, within the 
experimental error, identical with that prevaihng at the commence- 
nlent. Mellor ^ cites the observation of TitofE ^ that the presence of 
0*0000000000001 hr . CuSO^ solution is sufficient to produce a per- 
ceptible acceleration of the rate of oxidation of an aqueous solution 
of sodium sulphite. 

Sulphuric acid is the usual catalyst for the dehydration of alcohol 
to yield ether. As operated in modern technical practice, secondary 
reactions are practically excluded, so that an initial quantity of 
sulphuric acid is sufficient for the transformation of large quantities 
of alcohol. In the laboratory, and also in less modern types of technical 
plant where the control of the process is by no means so certain, it is 
a matter of common observation that, in addition to the etherification 
process, side reactions intrude, manifested by charring of the organic 

1 Chemical Statics and Dynamics. ® Zeitsch, physikal. Ghem., 1903, 45, 641. 
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material and reduction of the sulphuric acid to sulphur dioxide. In 
such circumstances the catalyst shows a steadily diminishing efficiency, 
so that, sooner or later, replacement of the acid becomes necessary. 
Such an example illustrates the importance of the problem of side- 
reactions to the main catalytic process in the technical application of 
catalysis. It will emerge later in the discussion on catalyst poisons ’’ 
that in such cases as the contact sulphuric acid process, the synthesis 
of ammonia and its oxidation to nitric acid, as well as in many other 
reactions of technical importance, the essentials of success are to a 
considerable degree governed by the elimination of materials which, 
by reaction with, or modification of, the catalytic material, suppress 
practically entirely the activity of the catalyst. Such side-reactions 
eliminated, however, technical catalysts are oftentimes very long 
lived. Examples are known of contact masses in sulphuric acid 
■ manufacture in which the platinum catalyst has remained efficient 
during a period of ten years of manufacture, being finally discarded 
rather by reason of high resistance to the passage of the gases than for 
loss of catalytic activity. 

In heterogeneous catalytic reactions the physical condition of the 
catalyst may be modified as a result of its participation in the reaction 
process. In many cases, such change in physical condition is a 
necessary preliminary to the attainment of full efficiency. Dobereiner^s 
platinum wire becomes covered, .after reaction, with a finely divided 
deposit of metallic platinum, or corroded or pitted in the process of 
catalysing the hydrogen-oxygen combination. The same phenomenon 
is observed in the case of the platinum wire forming the gauze used 
as catalyst in the modern technical process for the oxidation of ammonia 
with air or oxygen, and Bone has illustrated its occurrence in the em- 
ployment of 'Silver gauzes in surface combustion processes. 

The change in physical state of the catalyst is generally attributed 
to its activity in a series of cychc actions in which the material 
participates, the final reaction of the cycle resulting, however, in the 
regeneration of the catalytic material in its initial form. Thus, in the 
well-known action of manganese dioxide in promoting the decomposition 
of potassium chlorate with evolution of oxygen, it has been observed 
that if initially a crystalline form of the oxide be employed, the final 
product is manganese dioxide in the form of a fine powder. The 
researches of Sodeau^ have associated this change in physical state 
with the participation by the manganese oxide in the process of chlorate 
decomposition. Langmuir ^ compares the changes that occur in the 
surfaces of metals used as catalysts with the '' offsetting ” of tantalum 
filaments, or improperly made tungsten filaments, when run in lamps 
on alternating current. The offsetting consists of a slipping of the 
crystals of the metals along the boundary planes, and, in extreme cases, 

1 J. Chem. Soc., 1900, 77, 137, 717 ; 1901, 79, 247, 939 ; 1902, 81, 106C. 

^ Trans, Farad. /Soc., 1922, 17, 618. 
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it leads to a disintegration of the structure of the metal. The effect 
has been shown to be dependent upon the rapidity of temperature 
fluctuation. The same is true of the surface of the target in an X-ray 
tube run on alternating current. Introduction of gases intensifies the 
eflect. Langmuir concludes that, in all these cases, the disintegration 
is to be ascribed to sudden fluctuations in temperature between adjacent 
atoms in the metal. 

Catalysts and equilibrium. — ^We may now turn our attention to 
the question of equiUbriiim in catalysed reactions. It will be useful 
to consider the problem fundamentally, in reference to a perfectly 
general reaction. Let us assume a reaction between a moles A and 
h moles of B to yield c moles of Q and d moles of D. Let a con- 
centration of X moles of the catalyst X be present throughout the 
reaction process. We may express this process by the equation 

a A -^hB^-xX^cG + dI)-{-xX. 


For a dilute gaseous system, obeying the gas laws, it may readily be 
shown, either kinetically or thermodynamically, that, at equilibrium, 

K Pi) X Px Bq X Pj) 

where P refers to the partial pressure of the given species at equilibrium. 
It can readily be seen that the right-hand member of Expression (1) 
is identical with the equihbrium expression for the non-catalysed 
reaction, which signifies that the value of Kp is identical for Ifoth 
catalysed and non-catalysed reactions in a dilute gaseous system. 

Similarly, for the same reaction occurring in an ideal solution, it 
can also be shown that, at equilibrium, 

MlxMj ' ■ 

M°^xM%xM^x M%,xM%’ ' ' ' ^ ^ 

where M refers to the mol fractions of the several species at equilibrium. 
Correspondingly, for a very dilute solution in which the laws of dilute 
•solution hold, we obtain 

K CbxOj 

where G refers to the molecular concentrations of the several species 
at equihbrium. In these cases, also, it is manifest that the equilibrium 
constants remain unchanged in the catalysed process or that the 
catalyst does not alter the‘ position of equilibrium in systems composed 
of ideal or very dilute solutions. 

Actual reaction systems deviate to a greater or less degree from 
the ideal systems which we have just discussed. For this reason, it 
has become general in recent years, in discussing problems of chemical 
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equilibrium, to employ tbe concept of tbe activity of a reaction species 
in place of one or other or aE of the concepts possible with ideal 
systems.^ The activity of a species may be defined essentially by the 
equation , , , 

FA=^RTlnaj.-\^OA. W 

where is the molal free energy of the substance A under given 
conditions, a a is its activity, and (7^ is a constant which may be arbi- 
trarily defined. The increase in free energy when a substance changes 
from one set of conditions to another is given from Equation (4) by the 
expression 

Fa'-Fa^AFa^RTIu^', . . . . ( 5 ) 

where a a and represent the activities in the initial and final stages 
respectively and AFa represents the increase in free energy accom- 
panying the change. The essential criterion of a condition of equilibrium 
in any system at, constant temperature is that the free energy change 
accompanying any process occurring shall be zero. Eor the reaction, 

aA~\-hB — cO-i-dD, 
at the condition of equilibrium, 

aF A + ^FjB = GFc'^dFj), . , . • (^) 

By combining Equations (4) and (6) we therefore obtain 

clF^Itkia "f* OtG A hUTlnGjQ '\~hGjg 

===cRTlnaG + cGa + dRTlnaD + dGD ('i) 
or 

aC^ + hO^-cO^-dO^^MTln^^^l^, . . ( 8 ) 

^A X ajB 

or, since by definition the quantities on the left-hand side are constant, 
may write for any given temperature 

G d 

^ ao^aj) 
a X aj5 

/ 

^where Ka may be termed the equilibrium constant in terms of the 
.Activities of the reacting constituents. This equation is independent 
„> of any simplifying assumptions and may be regarded as perfectly general 
for any chemical reaction. 

Now this equation has been derived from considerations of the 
initial and final states of the system independently of any mechanism 
whereby the process is achieved. Hence it follows that the activity 
constant Ka and the free energy change for the reaction must be 

^ For a general treatment of the concept of activity, see Taylor, Treatise on Physical 
Chemistry, chapters viii, and xii. (D- van Nostrand & Co., New York, 1924 ; Macmillan & Go., 
London, 1925) ; or Lewis and Randall, Thermodynamics and Chemistry (McGraw-Hill Go., 1923). 
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unaffected ffy the presence of any substance occurring on both sides 
of the equation, provided the equation is otherwise unchanged. This 
will be true for a gaseous mixture passing over a solid catalyst which 
is unchanged on completion of the reaction process. The equilibrium 
partial pressures of the gases issuing from the reaction zone will be 
identical with those which would be yielded at equilibrium from the 
sam^ gas mixture in absence of a catalyst. In all cases of this type 
it is clear that the catalyst cannot affect the equilibrium in the gas 
phase. No case is 'known in w’hich a change in equilibrium has been 
experimentally demonstrated in reactions of this type. 

In homogeneous systems involving a catalyst it is, however, 
possible that the equilibrium concentrations of a reaction system may 
be modified by the presence of a catalyst. It is possible to indicate 
how this occurs. If the activity of the catalytic agent remains un- 
changed throughout the reaction, the derivation of Equation (9) 
indicates that the equilibrium constant Ra remains unchanged in 
presence of the catalyst. The catalyst, however, may have widely 
varying effects on the activities of the several reactants ; in such case, 
the mol fractions or the molecular concentrations of these several 
reactants may have appreciably different values from those obtaining 
in the absence of a catalyst. It is to this varying effect of a catalytic 
agent on the activities of the individual reacting species that most 
of the abnormalities in the determination of equilibria in the presence of 
catalysts are to be attributed. The effect is particularly apt to occur in 
equilibria which involve electrolytes either as reactants or as catalysts. 

Equilibrium determinations in processes of ester hydrolysis may 
be cited in illustration of this factor. Jones and Lapworth ^ in- 
vestigated the equilibrium constant in the hydrolysis of ethyl acetate, 
using hydrochloric acid as catalyst. It was found that the value 
obtained for the equilibrium constant in terms of concentrations of 
the reacting species varied according to the amount of catalyst 
employed. The appended diagram (Fig. 1) gives a plot of the values 
of the apparent equilibrium 

, [H20][0H3CG00aH5] 

^ "■[CaHgOHlCCHgCOOH]’ 

where the brackets indicate mol fractions. It will thus be seen that 
the value of ~ 4) obtained by Berthelot and Paen de St. Gilles for 
such homogeneous liquid systems in presence of traces of acid catalyst, 
rises steadily with increasing concentrations of hydrochloric acid to 
values in the neighbourhood of 9. This is to be ascribed to the 
influence of the acid on the activity of the water, and, probably to 
a lesser extent, the other constituents. The activities of these con- 
stituents are then no longer proportional to their mol fractions. Rising 
values are obtained for T. If the equilibrium constant Ka were 

1 J. Ghem. Soc., 1911, 99, 1427. 
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calculated from tLe several activities in presence of varying cor 
centrations of catalyst, a real constancy would be observed. Siinila 
measurements by Armstrong and Worley ^ also show tbe dependenc 
of tbe end-point in acid hydrolysis of esters on the concentration c 
acid catalyst employed. The variations observed are determined b; 
the influence of the acid on the activities of the several reacting species 
The introduction of the concept of activity into the mathematica 
treatment of reaction velocity has been given most momprehensiveb 
by Bronsted.^ Details of this will be given in a later chapter on th< 
kinetics of homogeneous catalytic actions. Bjerrum ^ has pointec 
out that Bronsted’s equation, involving activities of the severa 



molecular species, really involves the concentration of a reacfitig 
complex formed by collision of these reacting species. 

The more closely a reaction system approximates to that of an 
ideal system, whether gaseous or in solution, the more nearly independent 
of either the catalyst employed or the concentration of catalyst does 
the equilibrium become. As the condition of ideality is approached, 
the more closely proportional are activity and concentration. That 
this is’ approximately realised in some circumstances is evident from 
the researches of Koelichen ^ on the reversible transformation of 
acetone to diacetonyl alcohol 

2CH3C0CH3 = CH3C0CH2 . C(CH3)20H. 

1 Proc. Roy. Soc,y 1912, 87a, 604. 

2 See especially Zeitsch. pJiysikal. CJiem.f 1922, 102, 169. 

® Zeitsch, phyaihal, Chern,, 1923, 108, 82. * Zeitsch, physikal, Ohem., 1900, 33, 129. 
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The reaction is catalytically aqcelerated by hydroxyl ions. The same 
equilibrium state is attained from either side by such varied agents as 
ammonia, triethylamine, tetraethyl ammonium hydroxide, and sodium 
hydrate. Turbaba,^ also,* varied the catalytic ageiit in the aldehyde- 
paraldehyde equihbrium, showing that with hydrochloric acid, sulphur 
dioxide, oxalic acid, zinc sulphate, and other agents the proportion trans- 
formed was independent of the nature and quality of- the catalytic agent. 

There are few direct experimental demonstrations that, in gaseous 
reactions at a solid surface, the equilibrium position is unchanged. 
Lemoine’s data on hydrogen iodide decomposition at a platinum 
surface apd in absence of such have already been Cited in the preceding 
chapter. Of indirect evidence, however, the literature is full. Every 
case in which n shift of equihbrium has been suspected has been shown, 
on closer examination, to be quite normal. Thus, J ellinek ^ suspected 
that ammonia in excess of the normal equilibrium concentrations 
might be obtained from nitrogen-hydrogen mixtures in presence of 
catalytic iron. A most careful study by Larsen ^ has failed to reveal 
any indication of this whatever. It was suspected by some that the 
experiments of Milligan, Chappell, and Reid ^ on esterification of 
alcohol-acetic acid vapours in presence of silica gel indicated a shift 
of the esterification equilibria, since yields considerably in excess of 
66 per cent ester were obtained. This suspicion was unfounded. It 
arose from a confusion of the equilibrium state in liquid system with 
that in the vapour phase. Berthelot and Paen de St. Gilles had shown 
that, in liquid system, the equilibrium position lay in the neighbour- 
hood of 66 per cent ester formation from equimolecular quantities of 
alcohol and acetic acid. But, as was recently shown by Edgar and 
Schuyler,^ in the vapour phase, the equilibrium point is much more 
markedly on the ester side. 

There exists, however, a wealth of indirect evidence that the solid 
catalyst does not shift the equilibrium in a gaseous reaction. The 
c(|^ordance which exists between the thermodynamic calculations 
of equilibrium in a variety of gas reactions and the direct experimental 
measurements of the equilibrium, most of which have been achieved 
with the aid of catalytic agents, is at once a convincing proof that 
equilibrium is independent of the catalyst. Thus, for example, the 
equilibrium in the Deacon chlorine process as determined by Lewis ® 
and by von Ealkenstein with the aid of catalyiiic agents, may be 
harmonised completely with the thermodynamic data for the process. 
Or, alternatively, the values obtained for the equilibrium .in this 
reaction may be utilised to evaluate free energy functions of the 
reacting species, which data may in their turn be used for other calcula- 

^ Zeitsch. pl^ysikal, Ghern,, 1901, 38, 505. ® Zeiisch. morg. Ghem., 1911, 71, 121. 

3 J. A 9 ^er. CUm. Soc., 1923, 45, 2918 ; 1924, 46, 367. 

^ J. Physical Qhem.^ 1924. 28, 872. 3 Amer. Ghem. Soc., 1924, 46, 64. 

3 J. Amer. Ghem. Soc., 1906, 28, 1380. ^ Zeitsch, physihal. Ghem., 1907, 59, 133. 
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tions, all of wiiicli by a system of cbeck and cross-check can be shown 
to be in complete agreement. It is in this manner that the most 
decisive conclusion as to independence of equilibrium and catalyst in 
such gaseous systems can be achieved. The number of such examples 
is steadily increasing in the thermodynamic literature. 

There foUows from this discussion of the catalyst and equilibrium 
the very practical conclusion that, in a reversible process, the catalyst 
must accelerate both the forward and backward reactions. In such 
systems as show no shift of equilibrium with catalyst employed, the 
same proportionate acceleration will be produced in the inverse re- 
actions. A hydrogenation catalyst will also be efficient in the reverse 
dehydrogenation. An esterification catalyst will operate also as an 
agent for hydrolysis of the ester. Numerous examples of this feature 
will be found in the subsequent chapters. 

Solvents and catalysis. — ^What has been said in the preceding 
section with respect to the influence of the catalyst on the activities 
of the several reacting species, and therefore upon the position of 
equilibrium, can be applied also to the influence of the so-called 
indifierent constituents of the reaction system. Among these 
“ indifierent constituents the solvent is of first importance. So 
long as the system is ideal the solvent wiU be without influence on 
equilibrium. But, in so much as the solvent or any indifierent 
constituent exercises an influence on the activities of the reacting 
species, by just so much wiU its influence on the position of equilibrium 
be felt. There may exist a whole series of systems in which an added 
agent will vary at the. one extreme from a catalyst, normally so called, 
to the other extreme in which it is commonly regarded as a solvent ; 
and there will be nothing in principle to distinguish the catalyst in 
the one solution from the solvent in the other. Thus, a little ether 
may act in benzene solution as a catalyst for the reactions of the 
Grignaxd reagent.^ By increasing the concentration of the ether 
continuously, a state of afiairs may be obtained in which the e^er 
may justly be regarded as the solvent. In principle or mechanism 
nothing has been changed. Only in its quantitative aspects has the 
system undergone change. In each case, reaction will be measured 
by the activities of the several molecular species. 

Since the activity of a substance in solution can only attain certain 
limiting values dependent largely on the solubility of the species in 
the given solvent, it is apparent that, from this cause, a solvent may 
exercise a directive influence on .the course of reaction. Thus, in 
aqueous solution, potassium iodide precipitates mercuric iodide from 
a solution of mercuric chloride. In acetone solution, on the contrary, 
mercuric iodide is quite soluble, while potassium chloride is insoluble ; 
hence, addition of mercuric chloride precipitates potassium chloride 
from acetone solutions of potassium iodide. 

^ Tsoteliiizeff, J5er., 1905, 38, 3664, 
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Tlie problem of the solvent in the reaction process may also be 
examined from the standpoint of the solvation of the reacting species. 
If a reactant, A, undergoing change, forms, in a solvent S, a solvated 
molecule, the equilibrium condition being represented by the equation 

A + nS=^A . nS, 

the solvent may exercise a profound influence on the rate of change. 
If unsolvated A alone undergoes reaction, then presence of the solvent 
S wiU lower the specific rate of reaction. If the solvated molecules, 
A . nS, are reactive constituents, several possibilities may arise. 
The observed reaction rate will depend on the value of which will 
influence the reactivity of the solvated reactant. The rate may also 
vary with the nature of the solvent /S, and, whether due to the reactivity 
of either A ox A . nS, the rate will also depend on the value of the 
equilibrium constant in the above solvation equilibrium. 

Bjerrum has discussed some of these factors in a recent paper.^ 
He points out that the enhanced catalytic activity of hydrogen ions 
in presence of neutral salts, first noted by Arrhenius, can be explained 
on the basis of varying hydration of the ion. If the ion in the inter- 
mediate complex formed by collision of the reacting species and the 
hydrogen ion have a smaller water content than the ion in the solution, 
the Arrhenius eflect must result. Bjerrum points out that, if the 
diflerence in the two amounts to n moles of water, then the catalytic 
activity will increase, with decreasing vapour pressure of the solution 
p, to an extent proportional to (folfY'i where fo is the vapour pressure 
of pure water. 

Bjerrum further points out that, besides these oatal 3 rtio eflects 
which may be associated with the formation of definite chemical 
compounds, and in which the catalyst, so to say, opens up a number 
of parallel reaction paths, there are certainly oases where the presence 
of materials -foreign to the actual reaction process may actually exert 
an influence on the reaction speed without actually entering into 
combination with the reactants. 'JChese act by virtue of the molecular 
forces which they exert on the reacting complex, changing its form 
without the production of a chemical compound. A deformation of 
the reaction complex may occur which may have marked influence 
"on the velocity of rearrangement of the complex. There is some 
evidence that such deformation catalysts are present in some catalytic 
gas reactions. Bjerrum points out that the relationship between 
deformation and activity will be slight. The activity of a substance 
at the same concentration is known to be greater in poor solvents than 
in good solvents. But it cannot thereby be concluded that the sub- 
stance will react more rapidly in the poor solvent. Bather should one 
conclude that the reaction will proceed more rapidly in the good solvent, 


Zeitsch. ^hysikal. Ghem., 1923, 108, 82. 
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because, in tliis case, tbe greater solubility is an index of greater 
molecular forces wbicli may influence tbe velocity of change by 
deformation. 

Menscbutkin^ attempted to trace a relationship between the di- 
electric constant of the solvent medium and the velocity of interaction 
of triethylamine and the ethyl halides in various solvents. Some of 
his results are recorded in the following table : 


Solvent. 

Velocity Constant. 

Dielectric Constant. 

Hexane . 1 . . , 

0-00018 

2-6 

Xylene 

0-00287 

2-6 

Benzene .... 

0-00584 

2-6 

Ethyl alcohol 

0-0366 

21*7 

Methyl alcohol . 

0-0516 

32*5 

Acetone .... 

0-0608 

21-8 

Benzyl alcohol 

0-1330 

10-0 


It is evident from this table that this physical property alone is 
inadequate to explain the whole of the variation in velocity. 


1 JSer., 1882, 15, 1818 ; Zeiisch, phtjsiJcal. Ghem., 1887, 1. 611 ; 1890, 5, .589 ; 1890, 6, 44. 
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HOMOGENEOUS REACTIONS 

Gas reactions. — ^Tlie problem of the mechanism of homogeneous gas 
reactions is in reality not so simple as would be imagined from a direct 
interpretation of the order ” of the reaction. 

There are, for example, numerous examples of reactions which 
are apparently unimolecular in character, and it was, as we shall have 
occasion to observe, on the hypothesis that a unimolecular constant 
for the reaction velocity was a true criterion of a unimolecular re- 
action that led Perrin to his formulation of the radiation hypothesis 
of chemical action. Apart from the radioactive transformations, 
however, very few true unimolecular reactions exist. The. decomposi- 
tion of phosphine examined by Trautz and Bhandarkar,^ which at 
one time was taken as the classical example of a unimolecular reaction, 
has been shown by Hinshelwood^ to be a heterogeneous reaction. 
On the other hand, the decomposition of nitrogen pentoxide investigated 
by Daniels and Johnston^ has recently been shown by Hirst and 
Rideal to depart from the unimolecular law at pressures below 0*25 mm., 
but become unimolecular again at very low pressures. An interesting 
field for investigation would be the dissociation of such compounds 
as nitrogen tetroxide, of the diatomic molecules of the halogens, and 
the thermal ionisation of vapours, from the point of view of the order 
of the reaction. Whilst the pseudo-unimolecular character of a 
number of decompositions or dissociations evidently requires explana- 
tion, the rarity of true unimolecular reactions is significant. 

In the case of bimolecular reactions two points of great interest 
emerge from observations on the reaction velocities at various tem- 
peratures. It is found that the number of molecules reacting per 
c.c. per second falls far short of the number of - actual collisions 
efiected between the molecules of the reacting species. From this 
observation the division of collisions into “ efiective where reaction 
results, and ineffective or those undergoing ideal elastic collision, 
may be made. Again, as pointed out by Arrhenius, the influence of 

1 Zeitsch. anorg. Gh&m., 1919, 106, 95. ^ Gliem. Soc., 1924, 125, 393, 

^ J, Amer. Ghem. Soc.^ 1921, 43, 53. 
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temperature on bimolecular reactions is most marked. It is foun* 
that the temperature coefficients of chemical reactions are alway 
relatively high, the velocity increasing exponentially with the tern 
perature. The number of collisions per c.c. per second, according t' 
the kinetic theory of gases, is given by the equation 

/ 27tRt(- +-), 

where N^N^, cr^cra, mg are the numbers, molecular diameters, an( 
masses of the reacting molecules ; it is clear that the exponentia 
increase in the number of elective colHsions with the temperature i 
much greater than the comparatively small increase in the number o 
total collisions. These results, and more especially cpnsideration, 
based upon the influence of temperature on processes of esterificatioi 
and hydrolysis in solution, led Arrhenius ^ to the concept of active ’ 
molecules. 

According to Arrhenius we must postulate in, a reacting speciei 
an equihbrium existing between active and inactive molecules : 

Active molecules on collision produce chemical reaction, inactiv( 
molecules inefiective or elastic collision. The conversion of the in- 
active to the tautomeric active form requires the supply of energy 
the energy of activation, or the critical energy increment, the magnitudt 
of which, as we shaU see, can be determined in certain cases from th^ 
temperature coefficient of the reaction. 

An adequate interpretation of the simple bimolecular reactior 
requires an analysis of the mechanism of activation and the source 
from which this energy required for activation is drawn. There is. 
however, in addition, a third complicating factor to be considered ir 
such reactions, which can best be exemplified as follows. The heal 
of dissociation of hydrogen is ca. 84,000 per grm.-molecule, or 1*37 
10"^^ cal. per molecule. When two hydrogen atoms approach one 
another even at very slow speeds to eflect union to a molecule, the 
energy of dissociation has to be liberated before the hydrogen molecule 
can exist. It is clear that, in the case of a head on ’’ collision, com- 
bination is impossible ; for, if- the atoms are moving towards one 
another with identical speeds, before formation of the molecule is 
possible, both the heat hberated in the reaction and the kinetic energy 
originally possessed by the atoms have to be dissipated in some way. 
Two methods of dissipation suggest themselves : the energy may be 
dissipated in the form of radiation, or a simultaneous coUision with a 
third molecule or atom may take place, and this third melnber may be 
shot ofi again with the excess energy in some form. As we shall have 
occasion to note, if radiation is emitted in such bimolecular reactions 

1 Zeitsch. physikal. Chem., 1889 , 4 -, 22 ; 1899 , 28 , 317 . 
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it is certainly not monochromatic in character ; on the other hand, 
evidence for the removal of the excess energy by a third molecule or 
atom in the internal form — for example, in the combination of sodium 
and iodine by sodium atoms — is by no means scanty. It would appear 
by no means improbable that termolecular reactions, or at least two 
bimolecular reactions occurring in sequence in a short time interval, 
are in reality by far the most common. 

Although, as we have seen, recombination of atoms can only occur 
either through the mechanism of a termolecular reaction, or, if bi- 
molecular, through the emission of radiation, certain other types of 
true bimolecular reactions are possible. In the case of decomposition 
of complex molecules by bimolecular collision, if the decomposition be 
an endothermic process, the difficulty to which attention has been 
drawn does not arise, whilst if the decomposition be exothermic the 
products of reaction can evidently dissipate the energy in a kinetic 
manner. 

Again, it is conceivable that the union of complex molecules to 
one another or to atoms may occur, such as the union of atomic oxygen, 
chlorine, or hydrogen, to their respective molecules, through the agency 
of true bimolecular reactions, for, although energy in excess of the 
critical amount required for decomposition has to be dissipated, a 
mechanism of dissipation is provided in the third atom in the complex 
molecule. 

We have referred to the fact that in the union between atoms 
either radiation must be emitted or termolecular collisions must occur, 
the third body, either atom or molecule, serving as an energy dissipator. 
Since reaction does not occur without such colhsions, we may consider 
this to be a simple case of true catalytic action. The researches of 
Bonhoeffer ^ on the combination of hydrogen atoms and of Bodenstein 
and Liitkemeyer ^ on the combination of bromine atoms, indicate that 
these reactions proceed very much more slowly than anticipated on 
the assumption of simple bimolecular collisions ejecting combination. 
Only one in every thousand of such collisions is effective, and this may 
well be termolecular. Beutler and Polanyi,^ however, have shown 
that reaction between sodium atoms and halogens and halides may 
occur with an efficiency of I collision in 100, and 10^ times more 
rapidly than can be accounted for by triple collisions. 

It is interesting to examine how far we can investigate the operation 
of such catalytic action. It is clear that if the catalyst dissipates the 
energy in a kinetic manner that recombination of atoms should take 
place very much more rapidly in the presence of an indifferent gas, 
for the number of termolecular collisions will be increased. In 
reversible reactions the augmentation of the velocity of association 
by the indifierent gas should be accompanied by the augmentation of 

^ Zeiiach. physilcal. Ghem., 1924, 113, 199. • * Tbid., 1924, 114, 208. 

3 NaturwiasenscJiafteii, 1925, 13, 711. 
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velocity of dissociation, for the equilibrium will be unaffected by its 
presence. To take a concrete example, if the rate of union of cblorine 
atoms be facilitated by a neutral gas, the rate of dissociation of the 
cblorine molecules must likewise be afiected, since the equilibrium 
conditions defined by 




[Cl]2 

[CI2] 


remain unaffected. No crucial test of this hypothesis has been made. 

We may also consider that the catalytic function of the third atom 
or molecule is to dissipate the energy in an internal and not kinetic 
form, and it is only thgse substances which can acquire this internal 
energy which act as catalysts. As an example may be cited the union 
of sodium and iodine atoms efiected by the volatilisation of sodium 
iodide in a hot bunsen flame and cooling the products of dissociation. 
An examination of the spectrum reveals the presence of the sodium 
D lines but not those of the ionised iodine. 

The values of the heats of reaction of the various possible changes 
are given below. 

Na gas 4 - 1 gas =]S[a 1 + 112,000. 

Na- +r =Na I + 144,000. 

Na gas + 72^2 gas = Na I + -94,500. 

Na- + (e)-> Na +48,600. 
r =I +(e)~ 82,000. 

I =r + (e) -185,000. 

It is clear from the data presented that the energy dissipated in 
the union of sodium and iodine atoms will be sufficient to ionise sodium 
atoms but not iodine ; thus the sodium may be regarded as a catalyst 
but not iodine for the union of sodium and iodine atoms by removing 
48,600 out of 112,000 calories in the form of internal energy which is 
afterwards re-emitted as visible radiation. 

Whilst a number of supposedly homogeneous gas reactions have 
during the past few years been shown to be heterogeneous in that 
the reactions may occur entirely on {e.g. ethylene and the halogens) 
or commence at (hydrogen and chlorine) the walls of the containing 
vessel, it cannot be said that the operation of a homogeneous catalytic 
gas reaction has been studied in detail. It is possible- that the catalytic 
influence of small traces of water vapour examined by Baker in such 
reactions as the dissociation of ammonium chloride or the union of 
carbon monoxide and oxygen may prove to be true cases of homo- 
geneous catalysis ; yet, as we shall note, in the case of the hydrogen 
chlorine combination, it is possible that surface action intrudes. Never- 
theless, the study of uncatalysed homogeneous gas reactions reveals 
some of the most interesting peculiarities associated with chemical 
reactions. 

The energy of activation or excitation.— As we have noted, 
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Arrhenius was led to the concept of active and inactive molecules in 
which the equilibrium between " these two tautomeric forms of the 
same substance shifted in favour of the active form with rise in tem- 
perature. This concept was subsequently extended by Arrhenius to. 
explain the mechanism of catalytic influence, the addition of the 
catalyst being presumed to bring about an increase in the concentration 
of the active form. 

The alteration of the velocity coefficient with the temperature 
could be formulated in the expression 

dlogK E 
dT ~RT^^ 

E being the energy required to transform one gram-molecule from the 
inactive to the active state. 

It will be noted that Arrhenius makes no assumption as to the 
source of the energy of activation but simply postulates the existence 
of these two tautomeric types as well as a dynamic or mass law equili- 
brium between them. 

Marcelin ^ advanced the problem a stage further by deducing from 
the Maxwell -Boltzmann principle of the distribution of energy an 
expression similar to that of Arrhenius. On the assumption that the 
internal energy of the molecules varies in conformity with the laws of 
statistical mechanics, and that a molecule reacts when it has acquired 
internal energy E in excess of the normal,^ he showed that the rate of 
variation of the velocity constant with the temperature would be 
expressed by the relationship 

dlogK^ Eo 
dT 

Marcelin’ s E^ termed the critical energy increment, is thus identical 
with the energy of activation E postulated by Arrhenius. 

The concept of Marcehn that it is the ‘‘ internal energy ” of a 
molecule which renders it active, is similar if not identical with the 
conception of the excited ” molecule of the physicist. 

The probability that a molecule will react after it has gained 
internal energy E^ may increase with augmentation of this internal 
energy content ; we shall then obtain, adopting again the hypothesis 
of a statistical distribution in internal energy, 

dlogK_Eo+RT 
dT RT^ ’ 

since E^ is usually great compared to RT \ to test this modification 

^ ComjpU rend., 1914, 158, 161. 

2 G. N. Lewis and Smith (J. Amer. Cliem. Soc., 1925, 47, 1513) assume that Ec is the 
internal energy of a reactive molecule, not the excess above the average internal energy content ; 
there is no justification, however, for this assumption. 
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of the equation for the temperature coefficient of reaction velocity 
would require experimental data of a high order of accuracy. 

Since the energy of excitation or activation is internal in character, 
we must inquire how this energy is acquired, a point on which neither 
Arrhenius nor Marcelin expressed any opinion. 

Two methods have been suggested, one by the absorption of radia- 
tion, the other by means of molecular collision of a special type. 

The radiation theory of activation. — In 1906 Traut^,^ and in- 
dependently both McC. Lewis ^ and Perrin,® suggested that the energy 
of excitation might be obtained from radiation normally existing and 
flowing through the reaction system. 

Perrin was led to this point of view by consideration of the mechanism 
of unimolecular actions. Eor such actions the probability of a parti- 
cular isolated molecule decomposing within the next second is invariant, 
since the velocity constant is independent of the concentration. The 
critical energy increment can evidently only be supplied by some non- 
material type of energy transfer such as radiation, either in the infra- 
red or other portion of the spectrum. Trautz and Lewis were led to 
the same view by a supposed analogy between photochemical and 
thermochemical reactions. The extraordinary simplification which 
would be introduced into chemistry if chemical activation were always 
produced by the absorption of radiation is the great attraction of the 
radiation hypothesis. 

It was suggested by Trautz and McO. Lewis that the activating 
radiation was monochromatic in character, and that its frequency 
could be determined from the energy of activation as defined by 
Arrhenius with the aid of the quantum hypothesis from the equation 

E^Nhv, 

where E is the energy of activation, Ti Planck’s constant, a-nd v the 
frequency of the activating radiation. 

Since the activating frequency must be absorbed by the reacting 
system, it necessarily follows from this assumption that we can calculate 
at least one line in the absorption spectrum of a substance undergoing 
thermal decomposition from the temperature coefficient of that de- 
composition. It has to be admitted that the experimental proof of 
this hypothesis is inconclusive. Whilst in some cases the theoretical 
anticipations have been verified, e.g. for the decomposiHori of trietljyl 
sulphine bromide dissolved in various solveni.s such as niu’obcnzcrrh;, 
where van Halban ^ obtained a value of 15^ = 28,530 cals. (A cal. = 1-0 ^a), 
and McC. Lewis and H. A, Taylor ® observed a strong absorption line 
at 1*05 /X. In the case of the decomposition of phosphine and nitrogen 
pentoxide the lines anticipated are not observed.® 

^ See also Zeitach. physikal. Ghem., 1911, 76, 129 ; Zeilsch. anorg. Ghem.y 1918, 102, 81 ; 
1919, 106,' 149. 2 ^ 1910^ ^09, 796. 

® Ann. Physik, 1919, 11, 5. ^ Zeitsch. physikal. Ghem.y 1909, 77, 129. 

® ‘J. Chem, Soc.y 1922, 121, 665. ® Langmuir, J. Amer. Chem. Soc.y 19, 42, 2190. 
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Even in tliose cases in wMcK the anticipated line has been shown 
to exist, it still remains to he proved that irradiation with light of this 
frequency will promote photochemical decomposition. 

Two other serious criticisms of this presentation of the radiation 
hypothesis may be advanced. As originally suggested by van t’ Ho:ffi 
and emphasised by Lindemann,^ unless a light dart or corpuscular 
nature be attributed to radiation it is difficult to see why all the 
molecules should not absorb radiation equally and all disintegrate 
simultaneously ; we should thus be confronted with a supposed homo- 
geneous reaction proceeding almost explosively at the surface exposed 
to radiation. Again, Langmuir has pointed out the great discrepancy 
between the amount of radiation of the particular wave-length avail- 
able in a supposed black body enclosure and the actual amount of 
decomposition ejected by it. Langmuir ^ has utilised as his basis of 
argument the figures for the decomposition of phosphine given by 
Trautz and Bhandarkar, which are now known to be erroneous. Watson 
has performed a similar calculation for the decomposition of ethoxy- 
oxalacetic ester, which decomposes according to the unimolecular law. 

According to Planck the radiant energy in a black body enclosure 
encompassed within a band of thickness 8A is 


, 27t^cIi 


1 

^chjMcT _ 


jdX. 


In the case of the decomposition of ethoxyoxalacetic ester the energy 
of activation as calculated from the temperature coefficient of the 
velocity constant was found to be 35,800 cals., and thei absolute velocity 
constant to be 5*37 10"^ at 183° C. Assuming a, density of unity the 
energy required per c.c. per second is 


35,800x5*37.10-4 

232 


x4*2 lO"^ ergs. = 3*10® ergs. 


The wave-length corresponding to the critical increment of 35,800 

calories is, according to the Einstein equation, E—Nhv and 

A = 800/^^^. Assuming a spectral width for this line of lO/^/x, we obtain 
^a = 2*1 10-"^ erg. /sec. Thus one square centimetre of black body in 
contact with the ester would supply but an infinitesimal quantity of 
the actual energy required. This discrepancy between the observed 
reaction rate and the monochromatic radiation flow has been investigated 
by Christiansen,® and Christiansen and Kramers, 4 in which they show 
that the maximum rate of activation by radiation per c.c. per second 
is given by the Einstein expression 

-^=NBpv, 


^ Trans. Farad. Soc,, 1922 , 698 , 17 . ^ ,/. Amer. Ghem. Soc., 42 , 2190 . 

3 Zeitsch. physilcal. Ghem.^ 1922 , 103 , 91 . ^ Ihid.f 1923 , 104 , 459 , 
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where N is the concentration of inactive molecules,, B . pr is the 
probability per second that a molecule will become active under the 
infiuence of black body radiation of radiation density pv. The rate 
of reaction is likewise proportional to the number of active molecules or 

P _ i? 

where and P^ are the a priori probabilities of molecules existing 
in the active and normal states. They find 

NBpv= ; 

n. 

for large values of E this reduces to 

NBpv=NApe~^, 

and, if PjPn he not very different from unity, the rate becomes 

P- 

k^Ae~^'^ = Bpv, 

where j- is the life of an excited molecule. This is assessed as equal 
to 10 seconds. 

Tolman ^ has attempted to evaluate B from the Bohr correspondence 
principle by means of the expression 




277 ^ 6 ^ 

W 




leading to values of B from 10^^ to 10^®. Hence an upper limit is 

found for h—lO^^pv, and evaluating pv=--^^ — 1 (or approxi- 

, SttJiv^ a 

mately we obtain for ^ = 25,000 calories. 

How the rate of a number of supposedly unimolecular reactions ^ 

‘ A 

is of the order of 10^% whence a rate of which is the 

maximum rate possible for activation by black body radiation, is only 
one-millionth of the observed values. Several attempts have beetfmade 
to avoid this difi&oulty. Berrin ^ suggests that the light quantum is 
re-emitted after decomposition of the active molecule and passes on 
to the next. If this hypothesis were true it is dilEcult to see why the 
same phenomenon does not occur in true photochemical reactions 
where a number of cases of the Einstein law of photo-equivalence 
have been found. Tolman^ and Kideal® assume that the whole of the 


^ J. Amer. Chem. Soc., 1925, 47, 1543 ; Phtjs, Bav., 1924, 23643. 

^ Dusliinan, J. Amer. Qhem. Soc., 1921, 43, 397. ® Trans. Farad. Soc., 1922, 17 605. 

* J. Amer. Chem. Soc., 1920, 42, 2506 ; 1925, 17, 1526. « Trans. Farad. Soo., 1922, 17 ' 605. 
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inflowing radiation is available for activation. Such- an operation can 
be imagined to proceed by considering the activation of molecules to 
take place in steps^ by absorption of smaller quanta, there being a 
number of stages corresponding to a number of absorption lines in 
the spectrum of the substance. This conception, together with the 
assumption that absorption of the energy in a particular part of the 
spectrum is accompanied by a rapid redistribution of energy so as to 
give the typical black body energy wave-length curve, accounts, as 
Tolman has shown, for the existence of a temperature coefficient of 
photochemical actions. We may note, for example, in the case of the 
decomposition of oxalacetic ester at 18*3° the energy necessary for 
activation was found to be 3-0 10® ergs per c.c. per second, whilst the 
total energy in a black body enclosure per cubic centimetre is given by 
Stefan’s equation 

J^'-3-72 or 2*4 10® ergs, at 183° C. 

This view, in a slightly diflerent form, has been advanced by G. N. 
Lewis and Smith, ^ who have calculated on the hypothesis of discrete 

quanta of cross-sectional area j^the probability of collision 

077 

between molecules and quanta, the former possessing a certain internal 
energy e, and the latter of frequency v, such that e + hv' — €c. 

The chance (f)' that a molecule will encounter a quantum moving 
with the velocity of light o of any frequency above a given frequency 
v' is found to be r r o 


where 


whence 


dp ^pv Sttv^ 


llv 

'Wo 


hv 


IT 


The chance that a molecule possessing internal energy e will encounter 
a quantum of frequency higher than v' in unit time will be 


where ^ is the fraction of molecules having internal energy between 


div 
. de 

e and e + de. 

Hence the chance P that a molecule chosen at random will in unit 
time meet a quantum which has sufficient energy to take the molecule 
from the unactivated to the activated state. 

kT(^-^c dw, 

1 J. Amer. Ohem. Soc., 1925, 47, 1519. ^ 3^0 ^Iso Rideal, Phil. Mag., 1920, 40, 463. 
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where e is the internal energy of the molecule and Cq the critical value. 
In a molecular system possessing no internal energy except that of 
rotation with two degrees of freedom we obtain 


dw 


TcT^ 


whence 





TcT^ 


an equation originally suggested by Dushman and Eideal. 

A similar equation can be developed for molecules possessing more 
than two degrees of freedom. 

It will be noted that these modifications of the original hypothesis 
are in essentials somewhat similar, in that a part of the necessary 
critical energy increment is abeady present as internal energy in a 
molecule undergoing activation ; whilst Tolman would suggest that 
all internal energy is supplied by radiation, G. N. Lewis merely 
postulates its existence and sees in this a part of the energy necessary 
for activation. 

On the, redistribution of internal . energy as a mechanism of 
activation. — ^In the preceding section we have examined the various 
attempts which have been made to reconcile the experimental rates of 
reaction with the hypothesis that the energy of activation is supplied 
by the inflow of black body radiation. The outcome can scarcely 
be regarded as satisfactory, and in consequence many have rejected 
the radiation theory in toto and have fallen back on the theory of 
activation by collision, which we shall have occasion to discuss in the 
next section. Before this attitude can be justified it is clearly necessary 
to show that there are no unimolecular chemical reactions, because, 
although the original conception of Perrin, Trautz, and McC. Lewis 
that the inflowing radiation was the source of activation may be 
erroneous, the very existence of a true unimolecular reaction certainly 
demands an explanation in terms of some type of interaction between 
radiation and matter. 

The only definite example of a well-established case of unimolecular 
decomposition is that of nitrogen pentoxide, although many cases of 
evaporation and sublimation,^ and, within certain bmited temperature 
ranges, the thermal decomposition of sulphuryl chloride,^ likewise 
conform to a reaction rate of the first order. 

The decomposition of nitrogen pentoxide has been the subject of 
numerous investigations by Daniels and his co-workers,^ Lueck,^ White 
and Tolman,^ Hbst,® and Hirst and Eideal.*^ It is found that from 

^ Rideal, Proc, Gamh. Phil Soc,, 1921, 26, 241. 

2 Smith, J. Amer. Ghem, Soc„ 1925, 47, 1862. 

3 J. Amer. Ghem. Soc., 1921, 43, 53 ; ibid., 1922, 44, 2402 ; ibid., 1926, 47, 1602. 

* Ibid., 1922, 44, 757. 5 Ibid., 1925, 47, 1240. 

® J. Ghem, Soc., 1925, 127, 657. ’ Proc. Roy, 3oc., 1925, 109a, 526. 
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high pressures down to ca. 0*25 mm. the reaction velocity may be 
expressed in the form 

ric 

at 

viz. the mean value determined from the data of Daniels and Hirst ; 
below 0-25 mm. the reaction velocity increases to a limiting value at 
considerably smaller pressures where the reaction rate is a little over 
five times that at high pressures, or 

c]o 24,700 

-^-2-53.10i4e c, 

a value in close agreement with that given by the equation of D ashman ^ 
and Hidealj^ 

fjf. • 24,7Qh 

- -~—ve •^^C“2*59 . e. 

at 

Between the pressures of 0*25 mm. and the smaller values the 
reaction velocity constant increases, and it was shown by Hirst and 
Eideal that the experimental data were in agreement 'vfith the hypothesis 
that, of the total number of active molecules present at any time, viz. 

Nhu 

Ne ^ one-fiith of them decomposed at once, but four-fifths of them 
had to remain in the active state without suffering deactivating collision 
for 9*5.10"'^ seconds before decomposition occurred, the velocity of 
decomposition being expressible in the form 

/Jo f \ 24,700 

- = 4*98 . 1013 1 1 + 4.Q9g 1.003P j c, 

where P is the pressure in millimetres and e"^‘003P fraction of the 
active molecules having a life of 9*5 . seconds.^ The possibility 
of the. energy of activation 'being resident in any one of the five NO 
groups of the N 2 O 5 molecule, and of decomposition only taking place 
on activation of one particular group, the time necessary for the 
energy to leave one -NO group and enter the particular group being 
9*5 . 10’’^ seconds, immediately suggest themselves as a plausible explana- 
tion why some molecules require a '' life ” before decomposition. It 
is clear that the decomposition of nitrogen pentoxide is unimolecular 
in character down to pressures so low that e?:planations on the hypothesis 
of activation by any form of molecular impact are not very probable. 
At the same time the inflowing radiation is inadequate to provide the 
necessary energy. 

We may note that, if the decomposing gas were confined in a 
radiation impermeable envelope, ,at any moment the rate of decomposi- 
tion of molecules with the concomitant liberation of internal energy 

^ J. Amer. CTiem. Soc., 1921, 43 , 397. ^ PhiL Mag,, 1920, 40 , 461. 

^ Of. Jeans, Dynamical Theory of Gases, p. 258, 
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of activation would be equal to the rate of formation of new active 
molecules, this rate of decomposition and formation being given by 
the equation referred to above. Thus, no supply of new energy of 
activation is required, merely a redistribution of internal energy 
amongst the molecules. 

In the particular degree of freedom, comprising one of the 
oscillators in the molecule, which, on activation, causes molecular 
disruption, there is at any temperature, on the’ average, RT calories. 
This average value, however, is not the result of equal distribution 
amongst all the molecules, but the various molecules difier from one® 
another in the possession of di:fferent numbers of quanta, those possessing 
such a number that the energy content in this degree of freedom is 
Nhv or 24,700 calories per grm.-mol. are said to be activated. 
We may logically infer that the energy of activation is already present 
inside the molecules as internal energy, being originally supplied by 
infra-elastic colhsion, a method which we shall discuss in the next 
section. We must therefore exanoine the various methods by which 
the distribution of this internal energy can be effected amongst the 
various molecules. It is clear that the usual method of redistribution 
by molecular collision is much too slow to effect activation at the 
necessary rate : some type of “ quantum sprung postulated by 
Polanyi ^ is clearly necessary, but the mechanism by which a quantum 
liberated by a decomposing molecule is absorbed by another is by no 
means clear. 

The data of Warburg and Leithanser ^ show a number of absorption 
bands for nitrogen pentoxide between 24 and 8-7//,, with a particularly 
strong line at 5*81 which is five times that calculated from the critical 
energy movement, viz. 1*16^ ; the possibility of the redistribution 
of the energy of the internal specific heat by the emission and absorption 
of quanta of small size is thus not negatived by spectroscopic evidence. 
Two dij0S.culties, however, have to be overcome in this conception. 
If we imagine a molecule possessing, say, two quanta, it is evident 
that this molecule can either receive another or loose one, it may in 
fact become a creditor or debtor molecule. The conditions under 
which a molecule may become a creditor or debtor must be governed 
by some type of fluctuation not connected with molecular impact ; 
it is possible that the radiation flowing in the system may render 
molecules oscillating in phase with it creditors and those out of phase 
debtors. Again, on the assumption of the passage of quanta from 
molecule to molecule it is necessary that the absorption coefficient be 
extraordinarily large, for the inflowing and eflowing radiation of these 
wave-lengths is but a very small fraction of the number of quanta 
flowing from molecule to molecule within the system. The absorption 
coefficient in those cases must be much larger than those experimentally 

1 Zeiisch.f, Phijsik, 1920, I. 337 ; ibid., 1920, II. 90 ; 1920, III. 31. 

2 Ann. Physik, 1909, 28, 313. 
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3 servecl for fluorescent radiation, and we are led to tlie conception 
: the interlinkage (in the manner suggested by Sir J. J. Thomson) 

: the moving molecules with one another by Faraday tubes along 
hich the quanta flow. It is generally assumed that the quantum 
oss-sectional area grows with the wave-length ( AolX^) ; thus, the 
3lume of space swept out by a quantum in its motion increases 
pidly as we proceed into the infra-red portion of the spectrum ; the 
)portunity of collision with molecules is thus enhanced. Since the 
ave-length 5*81u is some twenty times that of the resonance line 
mercury vapour (2540 A°), the opportunity of collision with molecules 
id thus the coefficient of absorption will on this view be some four 
mdred times greater. On analogy with the case cited by Lewis and 
nith,^ the lowest pressure at which the decomposition of N 2 O 5 has | 

jen examined is 0*05 mm,, which is about one hundred times greater 
.an the pressure at which Wood examined the al^sorption of the line 
»40 A° by mercury vapour. A 50 per cent absorption would take i 

ace in a layer of ca. 0*05 mm. if the coefficient j of absorption were 
[ually great as for mercury vapour. If the coefficient is four hundred ; 

nes greater it is clear that virtually complete labsorption of the I 

diation continually emitted by the molecules in the gas will occur. i 

The theory 0! activation by collision. — We have noted the simple i 

diation theory of chemical action is certainly not tenable, and that ! 

any drastic amplifications are required before this attractive con- ■ 

ption can be made reconcilable with experimental data. The | 

mewhat arbitrary hypotheses necessary for this purpose have led * 

any to reject in toto the conception of activation by radiation and 1 

inquire how far it is possible to assume activation by collision. j 

3cording to this view, when molecules impinging on one another j 

th such initial speeds that the available energy in the case of a * 

nple bimolecular reaction between molecules of mass m exceeds 
e critical energy increment, or I 

lmV^>Ec, I 

ey do not suffer elastic collision but undergo activation and dis- | 

ption.^ The data of Hinshelwood and Pritchard, on the bimolecular = 

composition of chlorine monoxide,® of nitrous oxide,^ and of j 

)denstein on hydrogen iodide,^ strongly support this view. i 

Thus, in the case of nitrous oxide decomposition, the rate is found 
be expressible between the temperature range 838 ° K to 1125 ° K ? 

^ means of the following equations : ; 

dc ■' 

ir = 7-60.10iV^re RT , I 

at : 

^ Loo. cit. , ^ Lindemann, Tram. Farad. Soc., 1922, 17, 698. j, 

3 Ohem. Soc.,' ’923, 123, 2730. - 

^ Hinshelwood and Burk, Proc. Roy, Soc., 1924, 106 a, 284. « 

^ Bodei38toin, Zoitsoh, physikal. Chem., 1924, 124, 233. 
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where 58,480 cals, is the energy of activation per two grm.-mols, of 
the gas. The rate of activation by colhsion is given by the kinetic 
theory 


dt 




e 


RT^ 


where o* is the molecular diameter. 

If we adopt a value of a = 3-32 .10“® cm. we obtain for the rate of 
activation by collision 


(14 

-^^ = c23*25.10iVYe ; 


since two molecules disappear as the result of each such collision the 
rate of decomposition is clearly 

do ™ - ^ 8,450 

-^ = 6 - 50 . o\ 

a value so close to that experimentally obtained that there can be 
little doubt that this hypothesis does provide an adequate explanation 
for the mechanism of bimolecular reactions, and that no other means 
of activation is required. 

If infra-elastic collisions take place, it is necessary also that supra- 
elastic collisions occur at the same time ; thus, if we imagine molecules 
becoming activated by the conversion of kinetic energy lost on impact 
into eternal energy in the quantised form, we must at the same time 
postulate the contact of an activated molecule with a normal molecule 
Insulting in the rehberation of the internal energy in the kinetic form 
(a collision of the third kind, to continue the somewhat unsatisfactory 
classification of collision types). Thus, if the average kinetic energy 
of each molecule before collision be e and one molecule possess internal 
energy of activation , the average kinetic energy after collision will 
be e' such that 

2e' = 2e4~c^. 

Whilst the existence of infra-elastic and supra-elastic collisions 
have been well established in a number of cases of electron-molecule 
impacts, the experiments on activation by molecular collision, which 
is the basis of this mechanism of chemical change, are more limited.. 
Franck and his co-workers ^ have demonstrated the transfer of internal 
energy from one molecule to chemical energy in another by efi;ecting 
the dissociation of hydrogen molecules (.£? = 90,000 cals.) with the aid 
of excited mercury atoms. They have also shown that, at 300° 0., 
excited mercury atoms will, when mixed with thallium vapour, cause 
the endssion of the characteristic thallium fine, corresponding to an 
excitation of 6-1 volts. Since the excited atom is only at a level 

1 Cario, Zeitschf, Physijc, 9, 259 i 1922, 12, 162. 
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rresponding to 5-8 volts it is clear that an additional supply of 
ternal energy equivalent to 0*3 volt (1 volt fall is equivalent to 
1,900 calories) must have been supplied by the infra-elastic collision 
itween an excited mercury atom and a normal thallium atom. 

Reaction chains and the concept of hot molecules. — In many 
lotochemical actions the Einstein law of photoequivalence is not 
)eyed, and a ready interpretation of many of these was given by 
ernst. According to Hernst, the photochemical combination of 
7'drogen and chlorine consists in the primary photochemical formation 
chlorine and hydrogen atoms from their respective molecules, and 
is in turn is followed by a series of reactions such as 

Cl + Hs^HCl-hH, 

H + Cla-HCl + CL 

lere is some evidence, due to Norrish, that such atom chains may 
immence on the walls of the reaction vessel and proceed through the 
LS phase until they strike the wall again. Both chlorine atoms and 
rdrogen atoms are immobilised on the walls and may there react 
Lth atoms of like or opposite kind. We shall have Occasion to discuss 
e action of the mechanism and the influence of catalysts on these 
actions in more detail in a later section. 

Christiansen and Kramers ^ have attempted to extend this conception 
systems in which atom chains are not possible. According to their 
ew, the product of decomposition of a molecule after excitation must 
>ssess in itself the original energy of excitation and either an addition 
a diminution equal to the heat of reaction. If the reaction be 
;othermic of value q per molecule the total energy of the product 
11 be 

lere hv is the energy of activation, v the molecular velocity, and q 
.6 heat of reaction. 

The molecules thus possess much more energy than their neighbours ; 
e authors do not commit themselves as to how this energy is stored 
these fresh products of reaction, but it would appear that they 
visage the probability of “ hot ’’ molecules or the energy is in the 
rietic form. These “hot’* molecules can, by impact, activate by 
Ihsion of the second kind another reactant molecule, and thus give 
je to reaction chains. 

The presence of inert gases is frequently without influence on. 
e reaction rate and reactions may also proceed in solution, e.g, the 
composition of hydrogen peroxide or nitrogen pentoxide ; thus, the 
pothesis of kineticahy hot ” molecules would a]Dpear to be excluded, 
jain, the view that the energy, if internal, can only be handed on to 
reactant and not to a diluent or solvent molecule, assumes that a 
Dration frequency is common to both reactant and product, an 

^ Loc. cit. 
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assumption that still awaits experimental verification. The suggestion, 
however, is not without interest, for such a mechanism has been 
shown by Watson in the following manner to give rise to pseudo- 
unimoiecular constants. 

Arrhenius has expressed the opinion that there is a dynamic 
equilibrium between the inactive and active molecules, the latter 
existing in but small quantities. We may consequently write 

0„=«0, (1) 

where Ga is the concentration of active molecules, 

Gn those of the inactive molecules, 
a a small factor. 

If the active product molecules are the main factor in activation 
then the concentration of active molecules will be determined by the 
product of normal molecules Gji and the number of such activating 
molecules 0^', or 

(21 


The query then arises, Under what conditions are these two equations 
compatible with a unimolecular reaction defined by the expression 

1 dGn , 


h=^ - 


G 11 dt 


We may represent our reacting system diagrammatically as follows : 
n~^a — 

the first reversible expression representing the Arrhenius equilibrium 
between normal and active molecules, the second the irreversible 
decomposition of the active molecules, which is assumed to take place 
sufficiently slowly as not to efiect the equilibrium a. 

The rate of decrease of the normal molecules must be equal to 
the rate of increase of the active molecules plus the rate of spontaneous 
decomposition of the a molecules into the products a', 

dG^i d/G(i 


or 




dt dt 




(3) 


where — is the mean life of an active molecule, 
o 


Erom (1) 


dt dt 


i,e. 


dG-ii dGii 


■i-SccG<nj 


dO^ 

dt 


(l+a)=;SfaO,.. 


j_ aOn^ Sot. 
Gn dt I + a 


= a constant at constant femperature. . 


(4) 
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We have already noted that Marcelin showed that the ratio 

n — ^ 

RT 

Q,r • 

his expression has been modified by Einstein ^ to the form 

Gn Pn 

here are the a priori probabilities of the molecule existing in 

le active or normal state. In general P^ = Pn^ Similar considerations 
3ld when the normal state is also active or 


Ga 

Ga"' 


P 

a 


RT ■ 


here E and E" are the energies of activation in each state. 

0 

Replacing this value of “ =ocin (4), 

Gn ; 


On dt 


Se 


_ .B 

1 + e RT 


\ 

RT ^ R \ 

Se RT^\ 


(5) 


ace a is small by hypothesis ; and we thus obtain our original equation 
hich we have already noted as applicable to unimole'dulax reactions. 

From Equation (4) we may evidently obtain the ratio of active to 
active molecules in the Arrhenius equilibrium mixture from a 
lowledge of h and s. Eor the decomposition of nitrogen pentoxide 
= 487 . 10~^ and s = or a the ratio is ca, 10"^'^. 

Such a mechanism as has been postulated by Christiansen and 
ramers leads to the general expression of a unimolecular reaction in 
rich S is now accurately defined as the probability that an active 

olecule will decompose within the next second, i.e. ^ is the average life. 

b 

It has been assumed for this purpose that the active molecule at 
e moment of decomposition or just after decomposition hands on 
1 energy to activate a new molecule. It is possible that the products 
decomposition which are active at the moment of production may, 
fore they relapse into the normal products, likewise impart their 
ergy by collision and thus give rise to reaction chains. Watson 
iS obtained in the following manner the conditions that the reaction 
ould be unimolecular. 

There are two possible cases which may be represented diagrammatic- 
,y as follows : 



(2) n'~^ a — >a ' — 

1 Phjsihal. Zeiisch., 1917, 18, 121. 
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TEe problem is to find under wbat conditions this will be a constant. 

If the change a — ^ a' is much quicker than from a' — then 

and therefore will be small in comparison with unity, and we 

Q 

know already that cfJGa —jT small compared with unity. 


Hence 




since S is much greater than 5 in the above assumption. 

The a molecules are in the same position as a radioactive element, 
and therefore when the reaction is proceeding steadily is constant 
and the reaction will be unimolecular again ; however, by (2), this 
leads to the existence of an Arrhenius mass equilibrium between active 


and inactive molecules, or 


G, 


= a' Crt' = Constant. 


In that case we have assumed that the change a' — n' is slower 
than the change a — a\ which in turn is already assumed much slower 
than the change w— > a or a — > n, or the deactivation of the active 
product is required to be very much slower than the deactivation of 
the active reactant. Such conditions are evidently fulfilled, according 
to Tolman’s calculations,^ when the energy of activation of the reactant 
is much larger than the energy of activation of the product. 

Watson has summarised the conclusions drawn from this develop- 
ment of the hypothesis of Christiansen and Kramers as follows : 

(1) If the energy of activation be acquired from highly energised 
reaction products the reaction will be unimolecular in type only if 
there exists a simple proportionality between the concentration of 
active and inactive molecules, as postulated by Arrhenius. 

(2) If the deactivation of the active products takes place reversibly 
the reaction wiU be, in general, autocatalytic. 

(3) If the deactivation be spontaneous and irreversible, the law 
will be that of a unimolecular reaction provided that the deactivation 
is much slower than the loss of energy by the active resultant. 

It must be admitted that this attractive, conception of chain 
mechanism still awaits exact experimental confirmation. 

Active molecules. — Although the arguments are by no means 
conclusive, there are strong reasons for assuming that the active 
molecules postulated by Arrhenius are identical with the excited 
molecules of the physicist. The distortion of the molecule or the 
quantity of energy required to send the electron to its new orbit is, 
for most chemical processes, much smaller than those which have been 
made the subject of experimental physical research ; for, in general, 
the wave-length of the equivalent quantum of energy is confined to 


^ Loc, cit. 
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tlie infra-red portion of the spectrum. Further, we must assume that 
molecular excitation may he produced not only by the usual methods 
of absorption of radiation or by collision with a-particles or electrons, 
but also by molecular collision. 

The lives of excited molecules. — Experimental determinations of 
the time of emission of radiation have been made by Wien ^ and 
Dempster,^ and periods have been calculated by Milne, ^ Stern and 
Yollmer,^ Turner ^ and Tolman,^ Saha,"^ Weigert and Kellermann.® The 
following observed and calculated values are obtained : 



Experimental. 

Calculated. 

Hg 

1*03 . 

. 10-7 sec. I 2 

(\=^5461) 

2*94 . 10-0 sec. 

H/S 

5*0 

. 10-8 „ HCl 

(\ = 32340) 

0*0174 sec. 

Ha 

2-0 

. 10-8 HCl 

(\=: 34150) 

0*829 sec. 


The experimental values for r for excitation in visible light are all of 
the order of 10"'^ seconds, whilst those calculated on the correspondence 
principle increase very rapidly as the energy of the; quantum decreases ; 
this increase has not, however,, yet received any experimental con- 
firmation. Since, in the majority of chemical acfeons, the energies of 
activation involved are relatively small, it is a matter of great im- 
portance to find out whether the long lives anticipated by Tolman for 
molecules activated by collisions of the second kind do actually exist. 

The original experimental equation of Arrhenius._may be integrated 
in the following form : 

log„Z=-^+C 

B 

or 

If G be the integration constant, may be replaced by 8 where 
C^loge Sf whence K-Se -KT. 

It is clear that if the term e represents the fraction of excited or 
active molecules, 8 has consequently the dimensions of a frequency, 
and is regarded by many as the reciprocal of the time (r) necessary 
for the molecule to pass from the active or excited to the inactive or 
passive condition. 

Others have suggested ^ that this time is not the time required for 
the emission of its internal energy as radiation but represents rather 
the average time before a crisis occurs in the active molecule. At this 
crisis the molecule either undergoes chemical reaction or commences 
to revert to the normal form. These crises are possibly connected 

1 Ann, Phjsih 1919, 60, 597 ,- 1921, 66, 229. ^ Rev., 1920, 15, 158. 

^ Froc. Gamb, Phil. Soc., 1925, 22, 493. ^ Physikal. Zeitsch., 1919, 20, 183. 

6 Phys. Rev., 1924, 2, 23, 464.' 0 Ibid., 1924, 23, 693. 

Phil. Mag., 1924, 6, 48, 421. 0 Zeitsch. physihal. Ohem., 1923, 107, 1. 

0 Uusliman, J. Franklin Inst., 1920, 189, 615 ; J. Amer. Ohem. Soc., 1921, 43, 403 ; Rideal, 
Phil. Mag., 1920, 40, 462. 
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with the position of the electron in its unstable orbit; since its frequency 

is given by the expression E—NJiv, we obtain S~v or K~ve 

Amongst other suggestions it has been proposed that ^ represents a 

time period — where v' is a frequency of the molecule, but not 

necessarily that derived from the temperature coefficient.^ It may 
be noted in passing that 10"^^ seconds, which is of the same order as 
V for ultra-violet frequencies, is also the computed period of the duration 
of an elastic collision. 

The energies of activation in the presence of catalysts. — A number 
of cases have been examined on the alteration of the velocity constant 
as weU as of the temperature coefficient of a chemical reaction when 
either reacting molecule possesses difierent substituent groups or 
various solvents are employed. Whilst the reactions are undoubtedly 
complex and deductions based on an assumed simplicity are open 
to criticism, nevertheless some interesting relationships have been 
obtained. 

NicoH and Cain ^ have examined the rate of decomposition of the 
substituted diazobenzene chlorides in excess of water according to 
the reaction 

RCeH^NaCl + HaO — > RCgH^OH + NgHCL 

The reaction is pseudo-unimolecular and can be expressed in the 
form 

X at 

That a formal relationship between S and E exists has been pointed 
out by Watson and is evident from the following data : 


Substituent group R, 

B cals, per grm.-mol. 

Logio 

E 

10 gio^‘ 

H 

24,300 

13-6 

1790 

0 .-CH 3 

25,100 

14*6 

1720 

m. - CH 3 

22,900 

13*0 

1760 

P.-CH 3 

27,900 

! 15*0 

1860 

P.-SO 3 H .... 

28,200 

14-9 

1890 

m. -NOg 

30,500 

15-0 

2030 


The value of E likewise changes in the case of the substituted oxal- 
acetic esters (EtOOC - CO - CHR . COOEt) examined by Watson, 
which undergo decomposition in a pseudo-unimolecular manner : 

^ Cliristiansen, ZeiUch, physical. Ohem,, 1922, 103, 91. 

2 J. Ohem. Soc., 1903, 83, 470. 
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Substituent group R. 

JH cals, per grra.-mol. 

Logio S. 

E 

logio 8’ 

-00,Hs 

33,800 

13-94 

257 

-CH, 

33,300 

13-36 

249 

-CHjCOOC^Hj . . . 

35,400 

14-30 

247 

-G,H, . . . . . 

44,300 

19-88 

223 


Alterations in E may likewise be produced when, instead of altering 
the molecular structure of the reactant, we change the solvent, the 
induence of which we shall discuss in a subsequent section. The 
following data, calculated from Cox, on the addition of aniline to 
bromacetophenone,^ may be cited in this connection : 


Solvent. 

E cals. 

X37*8°C. 

OeHe 

8,088 

; -000985 

COI3H 

10,760 

• -00186 

CeHsNOa .... 

13,470 

i -0135 

OH3COCH3 .... 

11,080 

•0764 

OgHBCHaOH .... 

14,290 

•0440 

N. butyl alcohol . 

1 . 14,060 

•0550 

Ethyl alcohol 

13,910 

•0626 

Methyl alcohol . 

12,440 

‘0748 


Similar alterations of the critical increment with the solvent 
may be noted in the data of von Halban ^ for triethyl sulphine bromide, 
and of Dimroth ® on the decomposition of the methyl ester of benzyl 5, 
hydroxy 123, triazole benzoate. 


Decomposition of Triethyl Sulphine Bromide. 

Decomposition of the Triazole Benzoate. 

Solvent. 

E cals. 

Solvent. 

E cals. 

Nitrobenzene , 
Tetrachlorethane . 

Iso -amyl alcohol 

N. propyl alcohol . 
Benzyl alcohol 

28,330 

30,390 

33,190 

33,750 

76,920 

Acetone . 

Ethyl alcohol . 
Chloroform 

29,140 

30,640 

36,420 


We note that the energies of activation are definitely aSected by . 
solvents; it is for this reason that the theoretical considerations 
advanced in the preceding paragraphs are of importance in the study 
of catalytic reactions both homogeneous and heterogeneous. Evidence 
is slowly accumulating that it is to the catalytic agent that we must 
turn if it is (h'.siri-d lo reduce the energy increment necessary to produce 

^ J. Qhem. iSoc., 1921, 119, 142, ^ Loc, cit. ® Lieb. Ann. 373, 336, 1410. 
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a certain reaction process. In all probability the initial process in 
the catalysis is a deformation of the structure of the molecule by 
association with the catalytic agent, either as a molecular complex 
or compound in homogeneous catalysis or as an adsorbed atom or 
molecule on a contact catalyst. That such association materially 
alters the energy required for reaction to occur is to be concluded 
from recent studies in the domain of photochemistry, and especially 
in the hydrogen-chlorine combination. An examination, by Coehn 
and his co-workers,^ of the insensitivity of dry hydrogen-chlorine 
mixtures to visible light has indicated such a conclusion. They have 
shown that whereas moist mixtures of these two gases are photo- 
sensitive in the blue region of the spectrum, the gas mixtures in which 
the water-vapour pressure is of the order of 10 mm. are first sensitive 
in the ultra-violet region below A —3000 A°. The energy quantities 
involved are respectively about 52,500 cals, in the water catalysed 
reaction and 94,500' cals, in the non-catalysed reaction. 

Homogeneous reactions in solutions. — The considerations advanced 
in the preceding sections may be applied to the more complicated 
cases of liquids. We have noted that unimoiecular reactions in gaseous 
systems are extremely rare and must conclude that the same is true 
in solution ; thus, cases of dynamic isomerism, e.g, acetoacetic ester, 
cannot be satisfactorily explained on the hypothesis of an intra- 
molecular reaction, although this view is still maintained by some 
investigators. In solutions, also, complexes or solvates may be formed ; 
the study of bimolecular reactions in gases indicates a possibility that 
the reaction of tautomeric change may take place through activation 
by collision between solvent and solute molecule, but, as we shall note, 
the critical energy increment is high and the reaction velocity negligible, 
at ordinary temperatures. It is for this reason that it is probable 
that most reactions in solution occur through the intermediary of 
ternary complexes, reactant, solvent, catalyst. In order to justify 
this point of view, we must determine the evidence in favour both of 
the existence of such complexes and also why such complexes are more 
easily activated and thus undergo reaction more readily than the 
simpler binary constituents also present in the system. 

To obtain some idea of the mechanism of such reactions we must 
examine both the form of the reaction velocity concentration relation- 
ships and the iniuence of temperature on the velocity coefficient. 
It is found in the majority of cases that a reaction proceeding in dilute 
solutions according to the equation 

a + h — d 

proceeds at a velocity .that is proportional to the bulk concentrations, 

^ Ber,, 1 - 923 , 56 , 458 , 696 ; Zeitsch. 'physihal. Chem., 1923 , 105 , 356 ; 1924 , 110 , 705 , 
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1 more concentrated solutions this equation fails. Whilst Arrhenius, 
stwald, and Euler noted a parallelism between the reaction velocity 
ad the osmotic pressure of the reactant, the more precise conception 
[ thermodynamic concentration introduced by G. N. Lewis has, of 
,ter years, been applied to reaction velocities by Harned^ and 
bC. Lewis, ^ who suggested that, in lieu of concentrations, the 
itivities or thermodynamic concentrations of the reactants should 
3 employed. The equation then becomes 

hemfafb are the activity coefficients of the reactants. 

Brdnsted ^ assumed that the reaction would proceed by the 
rmation of an unstable intermediate complex {ah) which underwent 

pid decomposition to the products c oi a + h {db) c. 

The assumption that the velocity of reactioiy was determined by 
.e ratio of the activities of the reactants to that of the products 
ads to the equation 

Bjerrum has criticised this equation^ from two points of view, 
hilst the insertion of activities in lieu of actual concentrations may 
! justihable in systems at, or close to, equilibrium, it is probably 
roneous to assume that the number of collisions in a system under- 
ing reaction is influenced by the activities, although the number 
eflective collisions may be determined by the factor. Again, the 
te at which the complex {ah) undergoes reaction is not demonstrably 
duenced by its potential ; thus, in radioactive transformation the 
te of decay is uninfluenced by the activity of the system. 

Bjerrum assumes that the reaction velocity is proportional to the 
ncentration of the complex ah, or 


dx 

dt 


— h{ah). 


^cording to the law of mass we obtain 

(«)(&) fafb y 

(«&) fU) ’ 

lere K is the mass action equilibrium constant. 


moe 


dx y {a){h)fafi 
dt f(ai) • 



^ J. Amer, Ghem. Soc., 1918, 40, 1461. 

2 J. Ghem, Soc., 1920, 117, 1120; 1922, 121, 1613. 
® Zeitsch. physikal. Ghem., 1922, 102, 169. 


* lUd., 1923, 108, 85. 
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On this view tie reaction velocity is defined by two terms, the 
concentration and the stability of a complex. The existence of such 
complexes in solution, e.g, of esters and acids, sugars and water, has 
been fully demonstrated by the work of Kendall and his co-workers. 

The action of catalytic agents in accelerating the reaction velocity 
of a typical homogeneous reaction is due to the formation of a new 
complex present in difierent amount and of different stability to the 
original. Thus, in the above reaction, if a catalyst of concentration 
c be added, the reaction velocity wiU be expressed by the equation 

dt~^ fa, f{a,e) * 


Whether any reaction proceeds in the absence of a catalytic agent, 
e.g. the mutarotation of sugars or the isomeric change of nitro-camphor 
or aceto-acetic ester,! cannot, of course, be verified experimentally, as 
results either positivf^ or negative are evidently susceptible to criticism. 
An examination of the temperature coefficient of catalysed reactions, 
however, leads one to infer that many reactions virtually do not proceed 
at aU in the absence of catalysts. 

The extremes of the temperature coefficients of such catalysed 




reactions are foimd to be .•^ = 4T3 for the hydrolysis of cane sugar 

-^25 

in the presence of hydrochloric acid, and 1-82 for the hydrolysis of 
methyl acetate in the presence of Caustic soda, corresponding to 
energies of activation of 26,000 and 10,900 cals, per grm.-moL 
respectively. Since the concentration of the ternary complex {ahc) 
must be much less than (a&), it is clear from the augmentation of the 
velocity produced on the addition of the catalyst that the fragility 
or ease of decomposition of this ternary complex must be much greater 
than that of the binary complex {ah), and the energy of activation 
correspondingly less. We have noted that in cases of bimolecular 
gas reactions, where activation is caused by collision, - the reaction 
proceeds relatively rapidly when the energies of activation are not 
too large, as exemplified in the following data obtained by Hinshelwood.^ 


Bimolecular Beaction. 
Decomposition of 

B cals, per grm.-mol. 

T ab. 

E 

Tab' 

2 N 2 O . . . 

68,600 

956 

61 

2HI . 

44,000 

760 

68 

2CLO . . . 

21,000 

384 

55 


In the above table T ah is the temperature at which h, the bi- 
molecular velocity coefficient, has the same value for each reaction, 
viz. /c = 0*0914 grm.-mol. per htre per second. We may thus anticipate 


1 Lowry* J. Ghent. Soc., 1899, 75, 211 ; 1908, 93, 119. 2 Chem. Soc., 1925, 125, 1843. 
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reactions to take place in solution at ordinary temperatures with 
measurable speeds when the energies of activation are small; the 
temperature coefficients of the catalysed reactions indicate that the 
energies of activation of the ternary complexes are of the order 
anticipated from analogy with the homogeneous kinetically activated 
gas reactions. The bimolecular reaction a + h — c, on the other hand, 
evidently requires a much larger energy of activation, and will thus 
proceed at ordinary temperatures at rates comparable to, say, the 
decomposition of nitrous oxide or the union of hydrogen and oxygen 
at low temperatures. We may conclude that binary complexes may 
be formed, but reaction does not necessarily result; thus, in the 
interaction between ethylene and hydrobromic acid, the complex, as 
shown (C2H4 . HBr) by Maas, is present at low temperatures in relatively 
large quantities, but ethyl bromide is not formed, presumably owing 
to the large value of the critical energy increment. 

The stability of intermediate compounds. — In the foregoing dis- 
cussion it has been shown that the mechanism of reaction in solutions can 
be most readily interpreted on the concept of unstable intermediate com- 
plexes. Thus, in the reaction a + 1 ) — >• d catalysed by the catalyst c the 
formation of complexes by a series of reactions a-\-h — (a&), ah + g — > 
[ahc) is postulated. Whilst reaction may take place without the catalyst 
by the reaction ^ 5 — ^ ^ d, 

it would appear that the energies of activation are so large that such 
reactions do not occur in liquids at ordinary temperatures and the 
usual mechanism iaa + h — >- (ah ) ; {ah) c — {aho) — ^ <^4-0, the com- 
plex (ahc) being very unstable and consequently present in solutions in 
sub-analytical quantities. 

Whilst the presence of binary complexes in strong solutions can 
be readily demonstrated by the various methods commonly employed 
for this purpose, the identification of the ternary complex which is the 
one actually undergoing the chemical change being measured is not 
such a simple matter ; for, to take a specific example, we are by no 
means justified in the assumption that, since Kendall has demonstrated 
the existence of unstable compounds of the type RCOOR' . HX, that 
a complex RCOOR 'HX . HgO is the actual intermediary complex in 
catalytic hydrolysis. 

Attempts have been made to identify these unstable complexes 
in two ways. We may either investigate the functional relationship 
between the reaction velocity and the activities of ail the possible 
reacting species so as to obtain a general expression of the type 

or we may develop, from preconceived hypotheses as to the stability * 
of molecules of different configuration, a structure that will be readily 
susceptible to the reaction desired. 

E 
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As an example of tlie former method may be cited the case o 
hydrogen ion catalysis in a number of reactions such as the inversioi 
of sucrose.^ This reaction may be regarded as proceeding^ througl 
the formation of a ternary complex (sugar) • (water * (H), sinci 
the reaction proceeds at a velocity directly proportional to the activitiei 
of the two solutes of the system ; uncertainty, however, still exists ai 
to the true value of n for the solvent, which different observers evaluate 
at from 2 to 6. Whilst the activity of the hydrogen ion in solutioi 
may be determined by various methods,^ or calculated from the bull 
concentration of reactants with the aid of the equations developed b} 
Noyes and Ealk,^ Lewis and Linhart,^ Bronsted,® Bjerrum,® or Deby( 
and Hiickel,'^ we cannot from this relationship alone determine whethei 
the hydrogen ion forming the reaction complex is hydrated or not 

+ V . _v 

Since the equilibrium H + wHaO (H • ?iH20) or H • aH^O + Z^HgO 

(H-'^iHgO), where a -}-&== 7 ^ 2 , may be set up in the system, evidently 
either form of the hydrogen ion is available to form the reactive complex. 
The investigations of Lapworth ® and Dawson,^ as well as the numerous 
experiments on neutral salt action (see p. 173), have made it more 
than probable that it is the unhydrated or the less hydrated form of 
hydrogen ion is the active agent. 

Again, we may note that the solvation of sucrose varies but little 
with the temperature, or the value of {al) will be constant over a con- 
siderable range of temperatures. The influence of temperature on 
the reaction velocity will thus be largely affected by the change in 
the concentration of the active form of the hydrogen ion with the 
temperature, a conclusion arrived at by Riced® 

Amongst other examples of this method may be cited the decomposi- 
tion of acetylchloramino benzene in the presence of hydrochloric acid as 
a catalyst examined by Rivett^^ and Harned and Selz,^^ and of hydrogen 
peroxide in the presence of hydrobromic acid examined by Bray and 
Livingstone,^^ where the reaction velocities of the reactions are ex- 
pressible in the forms 

( 1 ) -|=(C)(H)(C1')/H/Cr: 

(2) -|=(C)(fi)(Br')/H/Br. 


^ Harned, J. Amer. Chem. Soc., 1915, 37, 2467 ; ibid., 1918, 40, 1461 ; ITales and Morell, 
ibid., 1921, 44, 2072 ; McC. Lewis and Corran, ibid., 1921, 44, 1673 ; Soatchard, ibid., 1923, 
45, 1580 ; McC. Lewis and Jones, J. Chem. Soc.. 1920, 117, 424. 


^ Lewis and Randall, Thermodynamics. 
^ J. Amer. Chem. Soc., 1919, 41, 1955. 

® Zeitsch.f. Mehtrochem., 1918, 24, 321. 
® J. Chem. Soc., 1908, 73, 2157. 

J. Amer. Chem. Soc., 1923, 45, 2808. 
J. Amer. Chem. Soc., 1922, 44, 1484. 


® J. Amer. Chem. Soc., 1910, 32, 1011. 

® J. Amer. Chem. Soc., 1922, 44, 938. 

^ Physikal. Zeitach., 1923, 24, 185, 305. 

® J. Chem. Soc., 1911, 99i. 

Zeitsch. physikal. Chem., 1913, 82, 201. 

J. Amer. Chem. Soc., 1923, 44, 1261,2048. 
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More speculative in character is the second method of approaching 
this question from the supposed electrical structure of organic com- 
pounds. The problem may be exemplified in the case of the com- 
bination of ethylene and chlorine or bromine. At low temperatures 
these gases do not react by bimolecular collision.^ Undoubtedly 
compounds are formed on collision of the type (C2H4 . Brg), but the 
energy of activation is so high that combination to the dibromide 
does not occur. Afc high temperatures it is probable that true bi- 
molecular reaction might result. 

This reaction is, however, readily catalysed by surfaces,^ and it is 
found that '' polar ” surfaces are more elective than non-polar surfaces ; 
thus, paraffin wax is, as shown by more recent unpublished experiments, 
quite inert as a catalyst, a water or ammonia film is more effective 
than cetyl alcohol, which, in turn, is somewhat less effective than 
stearic acid. Although it cannot be definitely stated on account of 
our lack of knowledge of the structure of the surfaces that '' polar ” 
groups possess different activities, it is clear that the “ polar ’’ groups 
are more effective than non-polar groups. This conception is an 
exemplification of the idea originally put forward by Armstrong^ 
that chemical action is reversed electrolysis. Whilst it is clear that 
the catalyst has lowered the critical energy increment necessary for 
the union of the gases, the hypothesis of Armstrong would lead us to 
anticipate that the structure of the ternary complex, gases-surface, at 
the moment of formation must be similar in electrical properties to a 
celh 

Our ideas of the electrical structure of complex organic molecules 
are at the present time undergoing rapid changes, and on such 
subjects as the transmission of “ polarity ”, the dissociation constants 
of organic acids, and the structure of double bonds, opinion is sharply 
divided.^ The following considerations may be put forward as a some- 
what general expression of method by which it is hoped that an adequate 
understanding both of the nature and stabihty of these catalytic 
complexes may be ultimately arrived at. The conception of the 
catalyst in these liquid reactions as a charged ion leads us to consider 
that it is not alone the kinetic impact of collision that effects dis- 
ruption, but that, in addition to the energy supplied by kinetic agitation, 
which solvent molecules could supply equally well, an electric dis- 
tortion of the molecule is produced simultaneously. Indeed, it would 
appear that this electrical distortion produced, or the electrical work 
done in approach, is a much more important factor than the kinetic 
factor. There are few catalytic homogeneous gas reactions, owing to 

^ Stewart and Edlund, J. Amer, Ohem. Soc,, 1923, 45, 1014. 

2 Stewart and Edlund, J. Avier. Ghem, Soc., 1923, 45, 1014; Norrisli, Ghem. 80c., 1923, 
123, 3006. 

8 J. Ghem. 80c., 1885, p. 39 ; ibid., 1893, p. 145. 

See Trans. Farad. 800., 1923, for a r6sum6 of the subject. 
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the absence of electric ejects. The catalyst must tbns form a transitory 
highly reactive chemical compound with the solvated reactant. 

Saturation of a double bond. — Since the double bond in the ethylene 
molecule is broken when the dibromide is formed it is assumed by 
many, especially by Lowry, that activation consists in the breaking 

of a double bond to form a polar molecule CII2 - CH2. On the assump- 
tion that the valency electron of the bond forms a binuclear orbit this 
process may be represented diagrammatically as follows : 


+ 



In the case of substituted unsymmetrical ethylene molecules we may 
represent the rupture on this point of view : 



where E, the substituent group, renders the group ECU more electro- 
negative than CHg. 

It is found, however, on the addition of substances such as HBr, that - 
two compounds are always formed, ECHg . CHgBr and ECH Br . CHg, 
and for this reason it has been suggested that the excited or activated 
ethylene molecule is not necessarily “ ionised but that the electron 
travels round the two nuclei in such a way that it remains for a longer 
time in the orbit of the ECH than of the CHg group, a view which can 
be diagrammatically presented as follows : 



Thus the compound will be oscillating in polarity ’’ as the electron 

moves in its orbit round^one focus to the other, but the ECH will 

exist for a longer time than the CHg, and the chance of reaction by 
collision in this form thus more favourable. As in the hydrogen 
chlorine combination, the halogen molecule is more easily excited in the 
presence of a polar molecule such as water. Eeaction thus ensues 
between the ethylene and the halogen through the agency of water, 
primarily by stabilising the active form of the halogen which reacts 
with the ethylene when in one of its polar forms. 
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RCH 

Cl 

KCH 

Cl 

_ 

HgO 

and 4- 


CHg 

Cl 

CH2 

Cl. 


The activated complexes on this view would be represented dia- 
grammatically as 


H.O. 


Contrary to the original suggestion of ionising the double bond linkage, 
the catalyst merely assists in activating the halogen or halide, and by 
forming a complex with it which possesses a smaller energy of activa- 
tion. This view could be put to experimental proof, for catalysts 
should not alter the ratio of the two products formed on the addition of 
halide acids to asymmetric substituted ethylene derivatives. 

The hydrolysis of esters. — ^Lowry.^ has developed, on the conception 
of ionisation of the double bond referred to above, a mechanism to 
interpret the hydrolysis of esters by hydrogen or hydroxyl ions. 
According to this view the action of these catalysts on the ester can 
be diagrammatically represented as follows : 


0 


0 


■4- ^XCHo— C— OBt — > CHo— C- 


CH3— C~OBt 

II 

0 

( 1 ) 


OH' 


+ 

H 


-OBt — > 

I H3O 



0 


OH ^2) H 


0 


OH' 


OH H 

I I 

CH3— C 0— Bt 

1 I 

OH OH 


CH„C00H + Bt0H+H„0. 


^CHa— C— OBt — > CHg— C 6— Et — ^ 

I H 


I I 

OH' H 


HjO 


The function of the catalyst is to convert the closed form (1) of the 
ester into the amphoteric bipolar molecule (2) by (a) direct addition 
first of the catalytic ion, (5) attraction of the ion of opposite sign, thus 
efiecting the addition of the elements of water. 

A slight modification of this view would be more in harmony with 
the ideas already referred to. We may regard equally well the process 


^ Solvay Conference, 1926. 
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of solution of an ester in water in tie absence of a catalyst as effecting 
the formation of a complex ester-water, according to the scheme 

0 OH H 

II +2H,0 I I 

CHj— C— OEt — CHj— C 0— OEt. 

I I 

OH OH 


The unhydrated or less hydrated form of the catalytic hydrogen or 
hydroxyl ion can, by impact, form an unstable complex which breaks 
down to acid and water and hydrogen ion again as follows : 

f 

H 

OH H OH H OH 

II li 1 . 

.c 0— Et- 


CHg— C 


-0— Et+fi CH,- 


OH OH 

( 1 ) 


0 


OH 

( 2 ) 


OH 

iH 


■ CHg— C=>0— Et 

! li 

OH OPI 
(3) fi 


H -1- CHg — 0 -f Eton + H,0, 

I 

OH 

where the arrows in (3) indicate the passage of the electron effected 
by the collision of the stable molecule ( 1 ) with the highly active charged 
ion. In a similar manner we may write : 


OH H 

I I 

CHa— C 0— Et -t- OH' - 


CH, 


OH 

OH H 

li I 

-c — 0— Et- 


on OH OH OH 

■ H^O -f CH 3 COOH + Eton -h OH'. 


:0H; 
iH i 

^6 ■ H 

i| I 

. CH 3 — C<=0— Et 

I i| 

OH OH' 


The catalytic activity of the two ions is, on this view, to be ascribed 
to the stable water-ester complex ( 1 ) being chemically reactive, the 
catalytic ion being attached at one point of the molecule and one 
being subsequently liberated at another point. There is definite 
evidence for the rapid hydration of esters and sugars in aqueous 
solution, the magnitude of which is, however, no criterion of subsequent 
speed of hydrolysis or inversion, and it is to this complex that the 
catalytic ion is added, another ion leaving the molecule at another 
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point at the moment of decomposition. That esters may be regarded 
as amphoteric electrolytes capable of uniting with both hydrogen and 
hydroxyl ions was a view originally put forward by Euler (see Chapter 
XIII.), who has been able to measure both the acid and basic dissociation 
constants in a number of cases. Whilst Euler’s investigations afford 
a clear argument why the formation of the complex ions from the 
ester with either of the catalytic ions of water occurs, the reason why 
these are particularly reactive can only be arrived at from speculations 
and considerations of the nature already discussed. Many other 
examples of attempts to formulate the mechanism of the reaction 
and to account for the instability of the complexes have been investigated 
in this way, such as the mutarotation of the sugars and the decomposi- 
tion of the chloramines. 

The most detailed examination of a case of homogeneous reaction 
in which anions exert a catalytic action has been made by Bronsted 
and Pedersen,^ who investigated the catalytic decomposition of 
nitramide. 

Nitramide decomposes in solution according to the reaction 

HAOa-^H^O + N.O; 

the decomposition is strongly catalysed by anions which may here be 
represented as hydrogen ion acceptors and the mechanism of reaction 
depicted as follows : 

HaNgOa+A'^— > (A'H) + HN2O2' — > OH'+NgO. 


In aq^ueous and in slightly acid solution nitramide undergoes a slight 
decomposition which is unaffected by the nature or strength of the 
acid present ; this spontaneous decomposition may be regarded as a 
measure of the basicity of the water with which the nitramide reacts, 
according to the reaction 

HaNaOa + HaO — > ^0 + HNOg' H 3 O + OH' + NaO. 

If the concentration of the nitramide be x the reaction velocity in 
acqiieous solution will be 

d,x 7 
- = kx. 

dt 


In the presence of a catalyst of concentration c we obtain 

y^^jcx+h'cx, 


X 

or by 

In aqueous solution it is found to be -000385 at 15° 0, with a half life 
of 13*2 hours. 


1 Zeitsch. ^hysihal. Chem.t 1924, 108, 186. 
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Bronsted and Pedersen have examined the catalytic activity of t 
anions of a number of organic acids by determining the rate of reacti 
in the presence of their salts, together with sufficient acid to preve 
the formation of hydroxyl ions by hydrolysis of the salt. In t 
following table are given the catalytic activity of the anions investigate 
together with the dissociation constants of the acids. It is interesti 
to note an empirical relationship between these two properties. 


Acid. 

Dissociation 
Constant K. 

Velocity Constant 
Ic'. 


Propionic .... 
Acetic .... 

1-34 

1-8 

10-s 

10-5 

0*65 

0*60 

5-9 10-5 
5-8 

Phenylacetic . 

5*3 

10-5 

0-23 

6-6 

Benzoic .... 

6-5 

10 -® 

0*19 

6*3 

Formic .... 

2-1 

10~4 

0-082 

7-2 

Salicylic .... 

1-0 

10-5 

0-021 

6*2 

Dichloracetic . 

5-0 

10-2 

0-0007 

5-8 




Mean 

6-2 10-5 


They have also extended their investigations to the anions of t 
polybasic acids. Thus, in the case of salts of dibasic acids there a 
present in solution two anions governed by the equilibria 

H2z:;±h+hz' 

HZ'::^Z" + H Ala; 

the velocity of decomposition is accordingly given by the expression 
log — = {A; + Ai^Ci + 

where h' and h" are the catalytic constants of the anions HZ' and J 
respectively. 

The results obtained were exceedingly interesting in the light 
the probability of dissociation in the two stages. 

If we compare the dissociation of the two acids, caprylic and suber; 

C 7 H 15 GOOH — ^ C^HigCOO' + H Z-144. 10-s 

>COOH .COO' 

OeHi/ — > CeHi2< Zi = 3-0 . 10'^ 

^COOH ^COOH + H 

we may regard the resultant dissociation constants which stai 
in the ratio of 1 : 2 from a purely statistical point of view.- ^ 
can assume that the organic ions of each acid are equally hydrophi] 
in character, the probability of each acid losing a hydrogen ion fro 
one carboxyl group and its recombination being equal. The dibag 
acid, however, can lose a hydrogen ion from either carboxyl grou 
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at combination can only occur with the group which has lost the ion ; ^ 
L consequence, we might anticipate that the dissociation constant 
hich represents the ratio of the speeds of dissociation and recombina- 
on would be twice as great for the dibasic acid as for the monobasic 
3id, a conclusion justified by the experimental data. If we now 
)mpare the monobasic acid with the dissociation of the dibasic acid 
L its second stage, 


OJlv, 


:i5COOH ^ 

C7H15COO' +H 

^COO' 

COO' 

<- 

CeH,/ +H, 

'-COOH 

^COO' 


id again assume the two ions to be equally hydrophilic in character, 
is clear that the probability of dissociation for each acid is identical, 
it the chance of recombination is twice as great for the dibasic acid 
1 for the monobasic acid. We thus obtain what may be termed a 
atistical factor regulating the degree of dissociation of polybasic 
lids in which the anions are equally hydrophilic. These factors are 
town in the following table : 

Dissociation. Statistical Factor n. 

HQ ::;±H-i-Q' . . 1 

HaQ . . i 

2 

i 

1 
3 

In the light of these considerations the data of Bronsted and Pedersen 
r dibasic acids and the tribasic phosphoric acid show a remarkable 
liformity, as is clear from the following table : 


HQ^ + 

PH3 + H 

PH"o y> PPF^ + H 


Acid. 

ifi. 

n. 

Tc\ 


Za. 

n. 



Phosphoric 

8*9 10 -^ 

i 

0-0079 

6-3 10 -“ 

4-9 10-“8 

1 

86 

7-2 10-5 

?artaric . 

9-7 10 -^ 

i 

0-0363 

6-3 10 ~« 

3-7 10-5 

2 

0-166 

6-2 10-5 

Succinic . 

6*5 10 -B 

i 

0-320 ^ 

6-0 10 -s 

2-1 10-5 

1 

1-86 

6-2 10-5 

d^alic 

4*0 10 -^ 

i 

0-0766 

6-4 10~5 

6-9 10-5 

2 

0-72 

6-8 10-5 



Mean value 6*2 10 “® 


Mean value 6*4 10 -® 


It is clear that the catalytic decomposition of nitramide in the 
esence of the salts of various polybasic acids permits us to obtain 
formation on the statistical factors of these acids as well as their 
3sociation constants. Eor the dissociation of non-symmetrical 
basic acids, the efiect of asymmetry on the statistical factor might 
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be determined from experimental values of ¥, the catalytic constant 
of the dibasic anion, and the value 6*2 10“^ of the constant 

The method permits of several interesting applications. Thns, 
they have investigated a typical pseudo-acid in the form of nitro- 
urethane which, as shown by Hantzsch,^ can exist in two forms : 

NO2-NH-COOG2H5 C2H5OOC-N-N . ooH. 

Isoiiitrourethane. Mtro'uretliane. 

The acid form can undergo dissociation yielding a catalytic anion 
CgHgOOC ~N = NOO', which was found to yield a catalytic constant 
of 0*0066. From conductivity data the dissociation constant K is 
found to be 4-3,10"^,^^^ whence the constant is found to be 

1*08 10 or some six times smaller than the value obtained for the 
other acids. It must be concluded that the true strength of, the acid 
nitrourethane is some eight times greater than the value observed 
with the pseudo-acid in solution. 

Again, since the decomposition rate of nitramide is dependent on 
the presence of hydrion acceptors in the solution, all substances which 
function as bases in this sense are catalytically active. We have 
already noted that water may be regarded as a base in that it can 
accept hydrogen ions and does in fact possess a small catalytic activity. 

The catalytic activity constant of ardline was found to be ^ = 0*531. 
Bronsted and Pedersen point out that the value of the dissociation 
constant of the ion 

GgHgNHaHi^CeHgNHa-f-H ^-2*0.10-^ 

is very close to that of acetic acid, 

GHaGOOH^^CHsCOO' + H A:=1*8.10-5, 


and, as will be noted, the specific catalytic activities are almost identical. 
The values for many hydrogen ion acceptors are shown in the following 
table : 


Water . 

Aniline 
Quinoline . 
Dimethylaniline 
Pyridine 


K. 

h. 

? 

0*00038 

2-0 10-5 

0*631 

1*2 10-5 

1*9 

6*3 10-6 

2*7 

4*4 10-5 

4*6 


The efiect of neutral salts in increasing the ionic activity is well 
exemplified in the case of the addition of potassium nitrate to propionic 
acid, in which the following data were obtained : 


C'pH ... 

. 0*101 

0*101 

0*101 

0*101 

GkNOs • 

, 0 

0*02 

0*05 

0*1 

A; 105 . . . 

. 114 

125 

128 

132 

105 

. 76 

87 

90 

94 

6'p 103 . 

. 1*17 

1*34 

1*38 

1*44 

Z 105 . 

. 1*37 

1*80 

1*90 

2*07 


^ 5en, 1899, 32, 575, 3066. 


Bauer, Zeitsch. phtjsikal. Ohem., 1897, 23, 409. 



CHAPTER IV 


THE THEORY OF HETEROGENEOUS OATALYTIO REACTIONS 


ETEROGENEOUS Catalytic reactions are those that take place at 
rfaces. Whilst many examples of reactions are known which occur 
}her at solid-gas or solid-liquid interfaces, but few cases of catalytic 
actions at liquid-gas interfaces have been established with certainty, 
bhough Rideal and Wolf ^ have examined the destruction of rennin 
an air-liquid interface, and Norrish and Rideal ^ the catalytic influence 
oxygen at a liquid sulphur-hydrogen interface. There is, however, 
tie reason to doubt that the specific eflects due to the properties 
[lerent at all interfaces will have their influence on reactions taking 
Eice at liquid surfaces. 

Of fundamental importance in the theory of the mechanism of 
terogeneous catalytic actions is the existence of an interfaoial surface 
ergy. In the case of liquid-gas or liquid-liquid interfaces the free sur- 
36 energy a is readily determined by various experimental methods, 
d from a knowledge of this value as well as the temperature coefficient 

the surface energy the total surface energy u may be calculated 


th the aid of the Gibbs-Helmholtz equation 


a 



e must postulate the existence at the interface solid-gas or solid- 
[uid of a similar surface energy, although, owing to the immobility 
one phase, its value cannot readily be determined. The existence 
such a surface energy in solids is in fact confirmed by the phenomenon 
cohesion, for, on cutting a crystal, two surfaces are formed in which 
e previously locked cohesive forces are now unsaturated. In general, 
e surface atoms of a solid are situated unsymmetrically to the forces 
cohesion as compared with the internal ones. Attempts have been 
ide to compute the surface energy of .solids by indirect methods. 
1 the supposed analogy between small crystals and small drops, the 

^ Proc. Roy. Noo., 1924, 97 a, 106. 
a J. CJiem. Soc., 1923, 123, 696 ; 1924, 125, 1689, 3203, 2070. 
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increase in solubility of a crystal as a reciprocal function of its radius 
has been utilised for this purpose. Although the analogy may be 
criticised, the magnitudes of the values obtained are by no means 
unreasonable. 

Since, in systems not in equilibrium, reactions may proceed asso- 
ciated with a decrease in free energy, if adsorption (at an interface) 
of constituents present in a fluid bulk phase is associated with a 
decrease in the free surface energy, such a reaction will ensue. We 
shall have occasion to note that this property of adsorption is common 
to all interfaces, that at hquid interfaces the magnitude of the eflect 
depends only on the properties of the system, but at solid surfaces 
the physical structure as well as the chemical properties of the surface 
have to be taken into consideration. 

Adsorption at liqitiid interfaces. — On the addition of a solute to 
a liquid a change in the surface energy of the liquid occurs. If the 
added solute has the eflect of diminishing the surface energy, the 
concentration of the solute in the surface film will be greater than 
that in the bulk of the Hquid. The quantitative relationship between 
the excess concentration of the surface film over the bulk of the solution 
and the lowering of the surface tension has been developed by W. Gibbs 
and Sir J. J. Thomson. In its simplest form we may express this 
relationship as foUows : 

P da 

df 

where T is the excess surface concentration in grm.-mols. per sq. cm., 
o* the surface tension, 

/ the chemical potential of the solute. 

If the solute obeys the laws of ideal solution, then 


/=/o+-^22'logo,i 

, ^ 1 da c dcr 

whence 

Similarly for those cases in which the solute elevates the surface 
tension of the Hquid there will be a smaller concentration of solute in 
the surface film than in the bulk of the liquid. 

We are thus in a position to calculate the composition of the surface 
fihn, frequently termed the Gibbs layer. We have not, however, 
made any assumptions as to the thickness of the film in which the 
forces of surface tension produce a modification in chemical composition. 
We shall have occasion to observe that the investigations of Lord 
Rayleigh, Langmuir, Devaux, Labrouste, and N. K. Adam on the 
eflect of insoluble fatty acids and their derivatives on the surface 
tension of water, make it practically certain that these substances 

1 For non-ideal solutions /=/o + HT log a ox—fQ + BT log yc, wtere y is the aotively co- 
efficient and a the thermodynamic activity. 
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spread over a water surface in a unimolecular layer. Eor soluble 
substancesj direct evidence for the unimolecular character of the Gibbs 
layer is not forthcoming, but it may be concluded that in many cases 
such an assumption is justified. The evidence for this assumption is 
twofold. In the first case, as pointed out by Langmuir, if it be ! 

assumed that the Gibbs layer is unimolecular in character the limiting | 

areas per molecule for organic substances, which are adsorbed at the 
interface, calculated with the aid of the Gibbs equation, are in good ‘ 

agreement with the areas anticipated from other considerations. ! 

Again, if molecules of the solute are positively adsorbed at the interface 
w'e may regard the lowering of the surface tension of the pure solvent 
by the solute F — solution as being due to the kinetic agitation of 
the adsorbed solute molecules on the surface ; thus F will be analogous 
to a two - dimensional osmotic or gas pressure. This suggestion, 
originally put forward by Traube, was rejected by later investigators, 
notably by Milner and Y. Sczyskowski, for the law FA — ET, the • | 

two-dimensional equivalent to the three-dimensional law PF=ET, j 

was found not to express the observed relationship between F and A, ; 

where F is defined as above and ^ as i 

A more careful examination of the state of this two - dimensional : 

solution, however, by Schofield and Rideal^ has indicated that the 
surface solutions are always relatively concentrated and may be I 

regarded as equivalent to gases at high pressures or to strong solutions. ; 

The two-dimensional analogue of Amagat’s equation of state, ! 

F{A~-B)^xRT, 

where B is the limiting area and ^ the coefficient of association, is * 

found to agree with the experimental data, and the FA curves of ! 

solutions of fatty acids and esters are found to reproduce to a surprising | 

degree of accuracy the PV curves for gases such as nitrogen and j 

ethylene. * [ 

Whilst on surfaces of most liquids the Gibbs layer is but uni- 
molecular in thickness, it cannot be said that the adsorbed solute \ 

possesses all the properties of the pure solute in bulk. Thus, saturation ; 

of the Gibbs layer in the case of ethyl alcohol-water mixtures occurs ] 

at a concentration of 0*3 molar, yet the surface phase, although con- 'i 

sisting of pure ethyl alcohol, is by no means identical in properties [ 

with a free surface of ethyl alcohol. Even more definite in this direction ; 

are the experiments of Iredale ^ on the adsorption of vapours on the sur- j, 

face of mercury. Whilst the surface tension of mercury is lowered very * [■ 

markedly by the adsorption of a unimolecular layer of' vapour such I 

as ethyl acetate, benzene, or water, and the lowering is more pronounced j 

^ Proc. Hoy. Soc.^ 1926, 107a, &1. 

2 PUI Mag., 1923, 45, 1099 j 48, 166, *1727. j: 
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the more closely packed tlie unimolecular film on tlie surface, yet 
the vapour pressure of even a closely packed unimolecular film is less 
than that over the pure liquefied vapour at the same temperature. 

From these and Iredale’s experiments we may conclude that the 
building up of the primary Gibbs layer is associated with a marked 
change in the surface energy of the liquid adsorbent, and that the 
building up of the secondary films or diffuse layer is associated with a 
further definite but very much smaller decrease in free energy. 

In dealing with the adsorption of vapours and liquids by solids, 
we shall again have occasion to note that the formation of what may 
be termed the primary film, unimolecular in character, is associated 
with large thermal effects, but that in many cases secondary film 
formation, which may be multimolecular in thickness, also takes place. 

Evidence for molecular orientation in adsorption at liquid sur- 
faces. — The work commenced by the late Lord Eayleigh ^ and developed 
by Hardy, ^ Marcelin,^ Langmuir,^ Labrouste,® Harkins,® N. K. Adams'^ 
and others, on the surface tension of solutions has given us a deeper 
insight into the mechanism of adsorption, the bearing of which on 
catalytic processes is of fundamental importance. 

If we bring two liquid surfaces together of surface tensions aj., ob 
to form an interface of surface tension oab there will be a certain 
decrease in the free energy of the system given by the expression 

W — CA + CTB-aAB* 

In the following table are summarised some of the values for this 
decrease in free energy when various liquids are brought into contact 
with water and mercury. 


Substance. 

TV 

witli Water. 

W 

with Mercury. 

Pentane .... 

Ergs, per sq. cm. 
18-9 

Ergs, per sq. cm. 

Hexane 

20-6 

60-8 

Octane 

21-6 

66-6 

CCh 

24-0 

74-8 

Water 

73 

91-5 

Ethyl iodide .... 


110 

Methyl iodide 


110 

Carbon disulphide 

21 

90 

Ethyl ether .... 

39-9 


Alcohols .... 

■47-8.51-8 


Organic acids 

46-50 


Ethyl esters .... 

37-46 



^ Proc, Roij. Soc., 1890, 47 , 281 ; Phil. Mag., 1899, 48 , 331. 

2 Proc. Nat. Acad. Sci, 1917, 3, 141 ; Proc. Roy. Soc., 1912, 86, 610 ; 1913, 8, 313. 

® J. de Physique, 1914, 1, 19. ^ J. Amer. Chem. Boc., 1917, 39, 1868. 

® Ann. d. Phys., 1920, 14 , 164. ® J. Amer. Chem, iSoc., 1917, 39 , 354, 

7 Proc. Roy. Sac., 1921, 99a, 336 ; 1922, 101, 452 ; 1922, 101, 617 ; 1923, 103, 677. 
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It is evident tliat tlie decrease in free energy when a liq^uid is brought 
into contact with water or mercury is most marked when the former 
contains certain reactive groupings such as the halide, sulphide, and 
hydroxyl for mercury, and the hydroxyl, oxonium, and carboxyl for 
water. 

The ‘ decrease in free energy is the result of the action of the 
adsorption forces between the surface layers of the two liquids, and it 
is evident that these adsorptive forces operate on a specially reactive 
part of the molecule. Thus in the case of fatty acids floating upon 
the surface of water we should anticipate that the acid would be 
anchored to the water by means of the carboxyl group, since the 
hydrocarbon chain possesses but little adhesion for water. 

Direct confirmation of this hypothesis has been obtained by measure- 
ment of the surface tension of water to which definite amounts of 
the highly insoluble long-chain fatty acids, alcohols, and substituted 
ureas dissolved in benzene have been added. If a definite quantity 
of fatty acid, e.g. palmitic acid, be dissolved in benzene and dropped 
upon the surface of water, after the evaporation of the benzene the water 
will be covered with a layer of palmitic acid and the surface tension 
of the water will be lowered. If the lowering of the surface tension 
be plotted against the area of the water covered with this amount 
of palmitic acid, a curve of the following form will be obtained. 



It will be noted that the curve is divisible into three parts, a linear 
portion a second linear portion aa\ and a curved portion a'x. 
The explanation of the curve obtained is readily understood from the 
following arguments. 

If a smaU. quantity of fatty acid be allowed to expand over a wide 
area of water the jP, A relationship will be defined by some point 
on the curve in the region a'cc. On contracting the area the force, i,e. 
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the apparent lowering of the surface tension, increases but slowly 
until, at the point a\ it rises rapidly in a hnear manner. At the point 
a, under higher compressions, there is a break in the curve, which pro- 
ceeds again in a hnear manner to tlie point c, where an abrupt change 
in the surface tension is noted. 

From a knowledge of the number of molecules of fatty acid placed 
on the measured area of water, the mean area per molecule on the 
assumption of a unimolecular film corresponding to the pressures a 
and a can readily be determined. The prolongation of the ca curve 
to V gives us as the area per molecule 6b' 21 A. of 6b 26*2 A. The 
interesting points in connection with these measurements are, firstly, 
that, on the assumption that the density of palmitic acid in the thin 
film is identical with that in the bulk, the covering power of the fatty 
acid, from oiur knowledge of the approximate sizes of the molecules, 
confirms our previous hypothesis of a unimolecular layer of fatty acid 
molecules on the surface of the water. The second point of interest is 
that if similar curves for other long-chain fatty acids be made, the 
areas per molecule corresponding to the pressures at a and a', i.e. at 
the breaks in the curve, are' identical with those of palmitic acid, as 
is exemplified in the following data of N. R. Adam : 


Acid. 

ob' in A. 

ob in A. 

Myristic 

21-0 

25-1 

Pentadecylic 

21-0 

25-1 

Stearic .... 

21-0 

26-1 

Behenic 

21-0 

25*1 


All these carbon chain acids have a difierent number of carbon atoms 
in their chain, yet, under corresponding compressions in a surface 
film, occupy identical areas. We can thus conclude (Langmuir) that 
aU the molecules of each acid, under these compressions at any rate, are 
orientated in a vertical plane to the water surface and thus present 
equal cross-sectional areas to the lateral compressional force. 

On this assumption of a vertical orientation of the molecules we 
must account for the fact that the molecule of the fatty acid apparently 
possesses two parts of different area under zero compression oh' = 21 A., 
6b = 25 A. possessmg difierent compressibihties. These, as N. K. Adam 
has pointed out, correspond to the hydrocarbon chain 6b' and the 
carboxyl head 6b'. The area ob' of 21 A. should thus be a measure 
of the cross-section of a hydrocarbon chain. Now the molecular 
volume Vch2 = 1'^'S c.c. at the m.p. and the distance between the 
carbon atoms in a diamond is 1*52 A., hence the area of a CH 2 group 
17’8 

N. 1-52 in fair agreement with the observed value. 

If the area 25-2 A. corresponds to that of the carboxyl head 
immersed in the water, the replacement of this head to the molecule 
by other groups should give difierent values to 6b. Some of N. K. 
Adam’s values for the areas of various heads are given below : 
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Head Group. 

Area in A.TJ. 

— COOH 

26*1 

— C=CH.COOH 

28*7 

— NH— 00 — NH 2 

26*3 

— GONH 2 

<21*5 

— COOC 2 H 5 

22-3 

— CH 2 OH 

21-7 

— GHgCN 

27*5 


23-8 

-< 

23-7 

— <^ ^NHCOCHa 

28-2 below 24° 
25*8 above 29° 

— ^OCHs 

23-8 


These conclusions, based on the study of films of relatively insoluble 
organic compounds on the surface of water, which have been amply 
confirmed and extended in various directions, go far to substantiate 



Fig. 3. 

the . statement that the molecules in the Gibbs film are definitely 
orientated and attached to the adsorbing agent by a specific (or more 
than one) point of attachment.^ 

Adsorption at solid interfaces. — The adsorption or surface saturation 
of a solid by a gas or vapour is frequently complicated by processes 
of solution to form either a solid solution or an actual chemical com- 
pound with the adsorbate. Again, in the case of many porous materials, 
the pores or capillaries of the solid, when of small diameter, oSer a 
by no means negligible resistance to the flow of gas, in consequence 
of which penetration may proceed for prolonged periods of time. 

As has already been indicated, owing to the existence of a surface 
energy in solids, we should anticipate, on analogy with liquid interfaces, 
the adsorption of gases or vapours if attended with a diminution of 

^ It may be noted that the polar head of a film on a water surface is not necessarily 
attached to only one 'water molecule. From a study of gel formation it appears more than 
probable that a cluster of water molecules are attached to the “hydrated*' polar head. 

F 
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the free surface energy of the surface. In addition, substances possessing 
a high specific surface and a concomitant surface energy, such as 
charcoal, will be valuable adsorbing agents. 

The general asjrmptotic form of curve connecting gas or vapour 
pressure 'p with the amount adsorbed cc, per m grms. of adsorbate, is 
shown on p. 65. 

Many attempts have been made to express these curves in mathe- 
matical form and to interpret the mechanism of such adsorption, 
accurate data on the adsorption of gases by charcoal being available.^ 
As a good approximation the eq^uation of Ereundlich may be applied 
to the experimental data. 

Ereundlich’s isotherm equation may be expressed in the form 

tjO ^ 

— = apn, 

m 

cc 1 

or log — =a + -logn, 

where x is the amount adsorbed by m grms, of material under a |)artial 
pressure p, a and n being constants. 

The value of n varies markedly, not only with the nature of the gas 
but also with the composition of the adsorbent, as is exemplified by 
the following figures for adsorption of gases at 20° C. : 


Gas. 

1 Charcoal. 
n 

1 Glass. 
n 

CO2 . . 

. 0*394 

0*66 

NH3 . . 

. 0*437 

0*53 

SO 2 . . . 

. 0*324 

0*28 

CHCI3 . . 

. 0*122 


N 2 O . . 


0**49 


The two constants a and n also vary with the temperature, and 
it is significant to note that n approaches unity on elevation of the 
temperature or for low gas pressures. Thus, Chappuis^ obtained a 

value of i=0*84 for the adsorption of ammonia by charcoal between 

3 and 5 milhmetres of mercury, whilst Travers^ gives the following 
data for the adsorption of carbon dioxide by charcoal : 


Temp. °C. 

a. 

1 

n 

-78 . . 

. 14*29 

0*133 

0 . 

. 2*96 

0*333 

35 . . 

. 1*236 

0*461 

61 . . 

. 0*721 

0*477 

100 . 

. 0*324 

0*518 


The Ereundlich isotherm leads us to the conclusion that a definite 
area of adsorbing surface may adsorb an indefinitely large amount of 

^ Vater, Zeitsch. /. Elehtrochem,^ 1912, 18, 724 ; Travers, Proc. Hoy. Soc., 1915, 78a, 9 ; 
Homfiay, Zeitsch. physikal. Gh&m.t 1910, 71, 139, 687 ; Titoff, ihid., 1910, 74, 641 ; Geddes, 
Prude’s Ann., 1909, 29, 197 ; Bichardson, J. Amer. Ghem. Soc., 1917, 38, 1818. 

2 Wied. Ann,, 1883, 19, 29. 3 
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LSj provided that the pressure is sufficiently high. This conclusion 
not justified by experiment, as a definite saturation value, frequently 
fil defined; has been found to exist in a great number of cases, 
crhenius ^ and Schmidt ^ were the first to introduce the concept of 
definite saturation value for the case of an adsorbent exposed to a 
bs, the equation developed, 

log.o^-0434| = |, 


mtaining two constants, 8 the saturation value and A, an equation 
hich is likewise valid over a fairly wide range of pressures.^ The 
dues of 8 for charcoal for various gases is somewhat significant. 


Gas. 

s. 

c.c. at N.T.P. per grm. 

Gas. 

S. 

c.c. at N.T.P. per grm. 

STHs . . 

158 

CO2 . . . 

60 

. . 

58 

O2 . . . 

87 

:o . . . 

116 

Ns . . . 

90 

3H4 . . 

91 

A? , . . 

87 


Langmuir ^ also arrived at the conclusion that the Ereundlich 
Dtherm does not represent the adsorption pressure relationship to 
ij degree of accuracy. As has already been indicated, the surface 
a solid may be regarded as an adsorbing lattice-work of atoms. If 
sfinitely crystalline, the number of such adsorbing centres may be 
mputed from the atomic diameters, whilst if the surface be irregularly 
ystalhne or amorphous, the number of these elementary spaces per 
uare centimetre cannot be determined directly. 

We may regard adsorption as the result of an equilibrium arrived 
between two definite and distinct processes, condensation and 
aporation. If a gas molecule or atom strikes an empty space on 
e adsorbing surface it condenses and is held there for a period of 
ne. It is here subject to molecular collisions, and the kinetic energy 
translation will in time reach such a value that it is capable of 
eaking away from the surface again and evaporating. In consider- 
^ a number of such condensed molecules or atoms we are evidently 
stified in speaking of the average life of an atom on the surface (r), 
lich may vary from a small fraction of a second in cases where the 
.sorbing forces are small and the temperature high to almost in- 
finite periods where the conditions are favourable, as is exemplified 
the following data ^ for the adsorption of carbon monoxide .on 
atinum. 

^ Nohel Inst,, 1911, 2, 7. ® Zeitsch, physihal. Ghem.t 1912, 78, 607. 

^ See also Williams, Proc, Moy. Soc. Edinburgh, 1919, 287. 

^ Phys, Rev., 1916, 8, 149 j Proc. Nat. Acad. Sci., 1917, 3, 141 ; J. Amer. Ghem. $oc., 1918, 

, 1360. ® Langmuir, Trans. Farad. 8oc., 1922, 17, 642. 
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CH. 


Temp. “K. 

Average Life in Seconds. 

1000 

0‘00001 

900 

0-00004 

800 

0-00038 

700 

0-0066 

600 

0-30 

500 

63 

450 

2100 

400 

1 - 9 . 105 

350 

5 - 8 . 10 ’ 

300 

1-2 . 1011 


From a series of experiments it was established that the number 
of molecules reflected without condensation and re-evaporation was 
small, as exemplified in the following table, ^ in which the accommoda- 
tion factor (a) or the fraction condensed and then evaporated is given : 


Gas. 

Surface. 

(a). 

H, . . . 

Smooth Pt. 

0-36 

CO3 . . 

it 

0-87 

H, . . . 

Pt. black 

0-71 

CO2 . . 

it 

0-98 


We may thus regard aU molecules hitting the surface as condensing 
there. The^ rate at which a gas at a pressure j) will condense on a 
square centimetre of condensing surface may be determined with the 
aid of the well-known effusion equation of Herz and Knudsen : 


/X- 43-75 10-6-^-, 

VMT 

where /x is the number of grm.-molecules striking per sq. cm. per sec. ; 
p the pressure in bars (10^ bars = l atmosphere) ; 

M the molecular weight of the gas ; 

T the absolute temperature. 

At equilibrium we must consider a definite fraction of the surface 
covered with adsorbed gas d', and a definite fraction bare, 6, then we 

e+d'^i (1) 

^ The rate of condensatiorL on. the uncovered portion 6 is where 

a is the coefficient of accommodation, which is in general nearly unity. 

The rate of evaporation from the covered area 6' can be written vd' , 
where v is the rate of evaporation per square centimetre. At equili- 
brium the rates of condensation and evaporation must be equal, or 

(x,fx9^vd\ . . . . . (2) 

whence /q\ 

* 


v + afji 


If we put 


then 




(TfJL 

1+ap 


1 Knndsen, Ann. Physik, 1911, 34, 593; Soddy and Beny, Proo. Boy. Soc., 1911, 84, 576. 
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If X grm.-mols. are adsorbed per unit area, the number of elementary 
'Nx 

spaces occupied will be where 'N is the Avrogadro number 

iV Q 


= 6-065 10^^ molecules per grm.-mol and the number of elementary 
spaces per square centimetre. Whence 


No 1 + crp.’ 

T abp 

whence x ~ - — ~ , 

1+ap 

a and 1) being constants, or 


^= 1+2 
a; ah h’ 


being Langmuir’s equation for the adsorption isotherm. At low 
pressures cr/x will be small compared with unity. Hence 

X = abp) 

or the amount adsorbed will be proportional to the pressure. The 
amount adsorbed decreases rapidly with the temperature, since the 
rate of evaporation varies rapidly with the temperature. 

At high pressures oyx is large compared with unity, or 

x — h. 


We thus obtain a saturation value for the amount adsorbed. Saturation 
according to Langmuir’s hypothesis is evidently obtained when the 
surface of the adsorbent is covered with a layer of the gas one molecule 
thick. Langmuir, in support of this hypothesis that saturation is 
obtained with a unimolecular layer, measured the adsorption of various 
gases on mica and platinum at low pressures. In the oases examined, 
with the exception of carbon monoxide on platinum surface, saturation 
was obtained with less than a unimolecular film, and the form of the p, x 
curve could be expressed with the aid of the equation given above. 
The best experimental evidence of saturated surfaces has been obtained 
in the study of adsorption of gases by catalytic agents. The adsorption 
of hydrogen by nickel, studied by Gauger and Taylor,^ of hydrogen 
and carbon monoxide on copper by Pease, ^ and Hurst and Rideal,® of 
hydrogen and carbon monoxide on platinised asbestos as determined 
by Pollard,^ all show saturation of the surface at pressures markedly 
less than 1 atmosphere at ordinary temperatures. Taylor® has 
shown that this ready attainment of saturation is consistent with the 
high heats of adsorption of these gases by the metallic catalysts. The 
experimental data also lead to interesting conclusions concerning the 

^ J. Amer. Ohem, JSoc., 1923, 45, *720. 

2 Ibid., 1923, 45, 1193, 2297. 

® J. Ghem. Soc., 1924, 125, 685, 594. 

^ J. Phys. Ghem., 1923, 27, 365. 

® 3rd Beport on Cont. Cat., J. Phys. Ghem., 1924, 28, 931. 
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surface of the catalyst, which are discussed in detail in a subsequent 
section. 

The premises on which the various adsorption isotherm equations 
have been developed are difierent. In those of Freundlich and 
Arrhenius we tacitly assume that adsorption is a process akin tg surface 
condensation, resulting in the formation of an atmosphere of condensed 
vapour and even liquid around the adsorbing material, the adsorbed 
fdm density decreasing presumably exponentially as we proceed from 
the surface until it is identical with the circumambient vapour. Lang- 
muir assumes as a premise that the range of molecular action is limited 
to one molecule in thickness, and that the film is in consequence but 
one molecule thick. 

Direct confinmation of either h 3 rpothesis in the case of charcoal 
is scarcely possible, owing to the uncertainty in the evaluation of the 
specific surface. Many measurements, however, have been made for 
the adsorption of vapours, e.g. water, benzene, chloroform, on the 
surfaces of glass, sand, quartz, and some metals, and in these cases 
the multimolecular nature of the adsorbed film has been substantiated.^ 
The direct experimental evidence for the amount of gas adsorbed is 
thus by no means conclusively in favour of the general application of 
Langmuir’s hypothesis. 

We may, as Langmuir has suggested, attempt to avoid this difficulty 
by assuming that in those cases where a multimolecular film is apparently 
obtained we are in error in our computation of the actual area of the 
adsorbing material, i.e, fissures and capillaries are present in the 
material, or actual solution of the gas in the adsorbent has taken place ; 
or again, we may consider that multimolecular films may actually 
exist for certain gases, especially vapours, in the presence of powerful 
adsorbing agents. In support of this second hypothesis indirect 
experimental evidence can be advanced from data • on the heat of 
adsorption. For adsorption in multimolecular layers the heat of 
adsorption falls steadily with increasing quantities of gas adsorbed to 
a value sensibly equal to the heat of liquefaction. 

Thus we note the data of Ohappuis on the heat of adsorption of 
ammonia by meerschaum : 


Pressure Ilauge m cm. Hg. Q cals, per grm.-mol. 

0 20,500 

0-0-5 12,700 

0-6 -3-7 11,300 

2-9-21 8,970 

21 X 67 7,600 

Latent teat of liquefaction, L=5000. 

The data of Lamb and Coolidge ^ on the heat of adsorption of 
vapours of many substances by charcoal in an ice calorimeter show 


^ Langmuir, Tram. Amer. Imt. Elect. Eng., 1921, 32 ; Briggs, J. Phys. Ghem., 1905, 
9, 617 ; Katz, Proc. Amst. ATcad., 1912, IS, 445 j Pettijotn, J. Amer. Ghem. Soc., 1919, 41, 
447 ; Evans and George, Proc. Itoy. Soc., 1923, 103a, 191. 

^ J. Amer. Ghem. Soc., 1920, 42, 1146. 
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likewise that the heat evolution per grm. of charcoal q was a logarithm 
function of the amount adsorbed x : 

log g == n + 6 log Xj 

and a direct proportionality was not found, as would be the case if a 
unimolecular layer only was formed. 

They likewise indicate a close connection between the heat of 
liquefaction and the heat of adsorption ; whilst the close connection 
between the amount of gas adsorbed by charcoal and the cohesion 
of the gas as determined by the a term of Van der Waals’ equation, 
lends additional support to the multimolecular layer hypothesis. 


Gas. 

a 10^ 

. .. 

Ailsorlsed c.c. per grin. 
olE Charcoal at Standard 
Pressure. 

He ... 

042 

0-227 

Ar ... 

2-59 

1-67 

N, ... 

2-08 

2-35 

O2 ... 

2-69 

2-50 

CO ... 

2-80 

3-20 

OH4 . . . 

3-67 

9-4 

OO2 ... 

7-01 

30-4 

NH, . . . 

8*08 

73 

0,H4 . . . 

8*83 

41 


Langmuir ^ in his investigations on the adsorption of carbon 
monoxide on platinum found that the adsorption isotherm for this - 
gas could not be expressed in the form 

but in the form 


x=h + 


aVp 


which can most readily be interpreted on the hypothesis that carbon 
monoxide is very strongly adsorbed for the first layer and that a 
subsequent layer is adsorbed, obeying the law of the adsorption isotherm. 
It seems probable that if the adhesive forces between the adsorbent 
and gas are strong, a factor determined both by the nature of the 
adsorbent as well as of- the- gas, that the unimolecular layer will still 
possess the power of adsorption although more feebly developed: For 
strong adsorbents dealing with gases which are highly polar in character 
and near their critical point, layers several molecules thick may readily 
be imagined to exist. If the gas be below the critical temperature, 
multimolecular layers can apparently be built up with ease, provided 
that the pressure be high enough. It may be noted that Hardy’s 
investigations on the efiect of substances such as octyl alcohol on the 

^ Loc cit. 
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coeffi-cient of frictions between metal surfaces likewise leads to tbe 
conclusion that octyl alcobol wben vaporised over a metal surface 
is adsorbed to form a thick film in which the secondary layers are much 
less strongly adherent than the primary film. 

The question whether a gas can, when it is maintained above the 
critical temperature, build up a second or more layers on augmentation 
of the pressure, is as yet uncertain. Indirect experimental evidence for 
the multimolecular nature of films of vapours adsorbed on sohds is 
provided by the heats of adsorption. But, as we shall have occasion 
to note subsequently, the stixface of the catalyst is by no means uniform 
in nature, part possessing strong adsorbing powers with other portions 
of varying activity ; a variation in the amounts of difierent gases 
adsorbed at what are apparently saturation pressures may indicate, 
not films of varying thickness, but a covering of varying fractions of 
the total exposed surface. 

We may conclude that at solid as well as at hquid surfaces primary 
adsorption is accompanied by a marked decrease in free energy. The 
building up of secondary or multimolecular films is, however, a by no 
means uncommon phenomenon, especially in the case of vapours on 
strong or powerful adsorbing agents ; whilst the forces operating in 
the formation of the primary unimolecular film are strong, those in the 
secondary film are weaker. The primary forces may be compared to 
the valency forces operative in co-ordination compounds, whilst those 
in the secondary film are more akin to the cohesional forces operative 
in vapours and liquids. As an indication of the magnitude of the 
primary forces may be cited the following data on the average heats 
of adsorption of gases on metals, these gases in aU probabihty forming 
but primary films in contact with the metals under consideration : 


Gas. 

Metal. 

Q cals, per grm.-mol. 

H, . . . . 

Pd 

18,0001 


Pt 

,13,7601 


Ni 

11,800 8 3 


On 

9,500 8 


Ni 

5,846 8 

CA ‘ ' 

Ni 

6,000 8 

CO . . . . 

Pt 

32,000 ^ 


Cu 

28,000 


A closer investigation of the heats of adsorption of gases reveals an 
interesting phenomenon, namely, that th^heat of adsorption is not a 
constant value for a particular gas' and metal, but is dependent on 

^ Mond, Bamsay, and Shields, Zeitsch. physikal. Chem., 1898, 25, 667. 

2 Beebe and Taylor, J. Amer. Chem. 8oc., 1924, 46, 43. 

® Boresti, Gazz. Chem. Ital., 1923, 53, 487. 

* Langmuir, Trans. Farad. 8oc., 192i, 17, 641. 
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tlie state of the surface of the metal ; highly active metals adsorb gases 
more readily and possess a higher heat of adsorption. Since, in general, 
metals prepared at low temperatures possess composite surfaces, the 
heat of adsorption gradually falls as the more active portions become 
covered with the gas, resulting in a ‘‘ spread ” of the heat of adsorption. 
Values ranging from 33,000 to 11,000 calories per grm. -molecule have 
been obtained for the heat of adsorption of hydrogen on nickel. Similar 
data are available for carbon monoxide on copper. This spread ’’ 
of the heat of adsorption with the pressure is, as we shall note, of 
importance in attempts to elucidate the nature of the catalyst surface. 

Orientation at solid surfaces. — If the indirect measurements of the 
surface energies of solids are in any way reliable, their surface energies 
are much greater than for liquids, and it is to be anticipated that 
adsorption at the surface of solids will result in the formation of a 
similar layer of orientated molecules. Evidence for this assumption 
is provided in a number of cases. Langmuir ^ has made an exhaustive 
study on the adsorption of gases on metallic filaments at low pressures, 
and has come to the conclusion that definite structural formulae can 
be given to the adsorbed layer. Thus, carbon monoxide is strongly 
adsorbed by tungsten filaments at relatively low temperatures ; the ' 
union between the carbon monoxide and the tungsten is so great that 
the whole group (WOO) distils ofi as a single molecule. At high 
temperatures, however, the union between metal and gas is by no 
means so strong, and carbon monoxide is removable unchanged. These 
experiments, together with the quantitative data on adsorption in a 
unimolecular layer, lead us to picture a type of adsorption film 

0 0 0 0 

C C G G 

II II II II 

w w w w 



Again, small traces of oxygen completely inhibit tjie action of a 
hot tungsten wire on the dissociation of hydrogen at high temperatures ; 
the adsorbed oxygen is likewise not reduced by hydrogen, although 
tungstic oxide is readily reduced. The union of tungsten and oxygen 
in the adsorbed film must evidently be a very close one, and may 
perhaps be diagrammatically represented ap 



The union of these simple gases to metals thus appears similar in 
nature to a chemical union, which similarity we noted in discussing 
the data on interfacial, surface tension; the data there presented 

1 Log. cit. 
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indicated that mercury behaved in a similar manner in respect to a 
decrease in free energy when molecules containing reactive groups 
are brought in contact with it. There appears little doubt that ethyl 
iodide, for example, is anchored to the mercury by attachment to the 
iodine. The investigations of Hardy ^ on the efiect of small traces of 
fatty acids and alcohols on the lubricating properties of a hydrocarbon 
oil for glass and metal surfaces, indicate also in a striking manner that 
these organic derivatives are attached by their ‘‘polar” —CO OH and 
~GH20H groups to these solid surfaces. It may be noted in con- 
firmation of these views that alcohol readily displaces hydrocarbons 
from the surface of metals such as copper.^ Similar conclusions as to 
the orientation of fatty acids on sheets of mica have been arrived at 
by Sir William Bragg and his co-workers, ^ where it was found that 
acids allowed to solidify on mica sheets solidified in strata of regular 
orientated molecules, the direction of orientation being perpendicular 
to the plane of the mica. Perhaps one of the most convincing pieces 
of evidence in favour of the hypothesis of orientation on adsorption 
at the surface of solids is provided by the data of Palmer and Constable 
on the decomposition rate of a series of primary alcohols at a copper 
surface according to the reaction ECHgOH — ECHO -i- Hg. The 
following data are cited from their experiments : 


Catalyst Copper. 

Velocity of Decomposition 
at 205“. 

Temperature Coefficients 
for 10“ at 260“ 0. 

I. Ethyl alcohol 

0-169 

1-533 

Butyl alcohol . 

1 0-169 

1-543 

II. Ethyl alcohol 

0-258 

1-531 

Propyl alcohol 

0-246 

1-546 


In spite of the marked alteration in the length of the hydrocarbon 
chain attached to the - CHgOH group the velocity and temperature 
coefficient for the alcohols on a specific catalyst are identical, con- 
firming the hypothesis that the - CH 2 OH group is the only part of the 
molecule taking part in the reaction with the copper. 

In the above example orientated adsorption occurs in such a 
manner that the conditions for accelerated reaction are favourable. It 
is clear that cases may arise, especially in bimolecular surface actions, 
where the orientation of the adsorbed molecules is such that reaction 
cannot proceed between the reactive groups. Cases of this character 
have been investigated byKruyt and Van Duin; ^ the alkaline saponifica- 
tion of esters and the addition of bromine to sodium p. sulpho cinnamate 
are retarded by charcoal, although both reactants are adsorbed on the 

1 Proc. Boy. Soc., 1922, 100, 550 ; 401a, 487. 2 Pockels, Wied. Ann., 1899, 17, 669. 

® MiiUer and Shearer, J. Chem. Soc., 1923, 123, 3156. 

Bee. trav. cJiim.y 1921, 40, 2, 249. 
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surface. The removal of bromine from dibromo propionic acid by 
means of potassium iodide, on the other hand, is accelerated by the 
presence of charcoal. 

Again we shall note that, in discussing the e:ffect of pressure on the 
velocity of such heterogeneous catalytic actions, we shall be led to 
considerations as to the valency ” of the adsorption compound 
formed in the primary layer. Anchoring of the adsorbed molecule 
may take place on several underl3dng atoms of the catalyst. 

The ‘‘availability’^ of surfaces. — We have noted that Langmuir 
assumed that the adsorbing surface consisted of a uniform space 
lattice, each elementary space being the seat of a directive adsorptive 
force or a potential chemical covalent bond. A more detailed examina- 
tion, however, reveals the fact that the surface is by no means so 
uniform as imagined, and that the irregularities are of dominant 
importance in catalytic reactions. Langmuir himself considered, 
abstractly, adsorption at a surface non-uniform in character. It 
is the results of catalytic study which give concreteness to such a 
consideration. 

We must note that the coarse macro-crystalline surfaces are less 
active than surfaces prepared at low temperatures. If we consider, 
in the first instance, the chief components of a metal catalytic surface, 
namely, the edges, corners, and faces of the innumerable small crystals 
present in the surface, we can draw certain conclusions as to the lack 
of uniformity, not only in the surface, but also in the surface energy, 
from crystallographic data. Bravais was the first to note that the 
planes of a crystal which were most densely packed and were also 
separated from the neighbouring parallel plane most widely, .were 
those which appeared most frequently, and also that a closely packed 
surface was usually associated with a wide interplanar distance, and 
vice versa. Later, Gibbs indicated that the most stable planes in a 
growing crystal were those possessing the least interfacial surface energy. 

Although crystal growth rate is markedly afiected by such factors 
as rates of difiusion, local temperature difierences, minute alterations 
in density of the solution, yet, as the investigations of Valeton,^ Niggli,^ 
and Tertsch ^ have indicated, the evidence for a surface energy varying 
with the closeness of the surface packing is extremely strong. In a 
similar manner it can readily be shown from a study of the vapour 
tensions and solubilities of so-called amorphous substances that the 
atoms at the edges and corners, including those in the corners of the 
steps on a growing crystal as indicated in the diagram, possess greater 


aj| 


^ Phi/s, Rev., 1920, 21, 106. ^ Zeitseh. anorg. Chem., 1920, 110, 55. 

^ Zeitseh. anorg. Chem., 1924, 136, 206. 
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adLesional force fox gases and liquids than atoms situated in the planes 
of the crystal facets. In addition to this micro-crystalline material 
present in a metal surface there are present a number of isolated atoms, 
and groups of atoms which are not in a space lattice and may be 
designated as amorphous material. These are, as anticipated, even 
more reactive, as far as adsorption and solution are concerned, than 
the crystals themselves. 

Attention may be directed to the alteration in several physico- 
chemical properties of materials subjected to extreme subdivision. 
Thus we have data which indicate that the -heats of solution, heats 
of vaporisation, vapour pressures, dissociation pressures, solubilities of 
finely comminuted substances, exceed those of the substances in bulk. 

This phase is consequently metastable in comparison with the 
regular crystalline variety, and consequently will slowly revert back 
to the more closely packed form. In the case of metals the rate of 
conversion at ordinary temperatures is relatively slow, but on elevation 
of the temperature these amorphous or irregularly situated atoms 
readily slip back into the more stable configuration of the space lattice 
of the element, a process termed sintering. The sintering temperature — 
Le. the temperature at which the rate of conversion becomes rapid^ — 
varies markedly with difierent metals, and should of course give an 
approximate value of the enei^gy of the atomic adhesion of the metal. 
Smith ^ gives the following values for the sintering temperatures of a 
number of metals : 


Metal. 

Sintering Tempei 

Pt black , ■ . 

. , 500 

Pt ppt .... 

. 700 

Pd black 

. . . . 600 

Ppt Cu . . . 

. 250 

Ppt Ni ... 

. 700 

Ppt Ag . . . 

. . . . 180 

Au .... 

. 200 

Co .... 

. 200 

Reduced Co 

. . . . 500 


Judged by loss of adsorptive capacity of the reduced metal, 
sintering may take place at much lower temperatures than those 
recorded by Smith. This loss of adsorptive power is much the most 
sensitive index of change of surface on heating,^ 

The process of sintering isfollowed bythegro’^hof the minute crystals 
to larger ones which become nGdcroscopicaUy visible in annealed metals. 

Associated with these changes in surface from the unordered and 
micro-crystaUine to the macro-crystalline we find a marked decrease 
in catalytic activity and in adsorptive power. The following data 
show the efiect of sintering on the adsorption of hydrogen and ethylene 
on copper and nickel determined by Pease ® and by Beebe and Taylor : 

^ J. Ghem. Soc.^ 1923, 123, 2008. 

^ Taylor, 3rd Report on Cont. Cat., J. Phys. Chem.t 1924, 28, 912. 

3 J. Amer. Chem. /Sfoc,, 1923, 45, 1193, 2296. * Ibid.^ 1924, 46, 43. 
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Metal. 

Temperature of Beduc- 
tion ” C. 

Adsorption of Gas in c.c. per grm. at H.T-P. 

Hs. 

CaH,. 

Cu ... 

200 

3-70 

8’45 


450 

M5 

6’85 

m ... 

300 

35*0 



1 400 

16-0 



That the surface of a catalyst is composite in character is likewise 
indicated from the fact that the saturation capacity is not identical 
for all gases. We have already referred to the fact that many vapours 
may he adsorbed in multimolecular layers but that in gases unimolecular 
films are to be expected. Under these conditions the saturation 
capacity of a catalyst should be identical for all gases ; this is evidently 
not the case, for, as we note from the figures cited above, ethylene is 
more strongly adsorbed than hydrogen, and the saturation capacity 
for the former gas is not reduced so much on sintering. 

That this view is probable may be deduced from data on the 
adsorption of hydrogen by nickel at various temperatures and pressures. 
From a study of the adsorption isotherms, Gauger and Taylor ^ showed 
that at relatively low partial pressures of hydrogen an apparent 
saturation of the surface was reached. Thus at 25° C. and 75 mm. 
pressure, a given sample of nickel adsorbed 8-7 c.c. of gas. A tenfold 
increase of pressure did not increase the adsorption by one per cent. 
At 305° 0. apparent saturation was reached at 250 mm. pressure, a 
threefold increase of pressure not measurably increasing the adsorption. 
But, at this temperature, the adsorption only amounted to 5*3 c.c. of 
gas. This spread in" the amounts of gas adsorbed at the two tempera- 
tures, coupled with the observations made as to the attainment of- 
approximate saturation of the surface, independent of marked pressure 
increase, is strongly suggestive of the conclusion that the atoms in the 
surface have varying capacities to hold gas adsorbed, dependent on 
their position in the surface. It suggests also that a surface atom 
capable of holding a gas at one temperature may be unable to do so 
at higher temperature. 

It is probable that, on active metals, the '^availability*’ of the 
surface varies from gas to gas. On the closely packed facets the 
adsorption forces are, as we have seen, much weaker than on the more 
open surfaces, and gases which are not readily adsorbed, such as the 
non-polar, more perfect gases, will not be adsorbed strongly on the 
crystal facets. On the other hand, polar and easily liquefiable gases 
will be adsorbed over the entire surface. 

This difierentiation in the strength of union between adsorbate 
and adsorbent is also exemplified in the adsorption of oxygen at 


^ J. Amer. Chem. /Soc,, 1923, 45, 920. 
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charcoal and some metal surfaces. It is found, for example, that if 
oxygen be adsorbed on to a charcoal surface three types of surface 
compounds can be identified. A small fraction of the oxygen may be 
removed as such by evacuation, a larger portion may be removed as 
carbon dioxide by exhaustion at relatively low temperatures, whilst 
a third more stable portion into which the other forms are gradually 
converted is only removed at very high temperatures in the form of 
carbon monoxide and carbon dioxide. Whilst three forms of carbon 
surface, the diamond, the paraffin or chain, and the ethenoid (to which 
the black colour is due), are undoubtedly present, the alteration in the 
type or the strength of union between the superficial and the under- 
lying carbon atoms is reflected in the alteration in the carbon oxygen 
linkage. Rideal^ noted that oxygen could be adsorbed on a nickel 
surface in two forms, one readily reducible by hydrogen at low tem- 
peratures, and the other similar to a superficial coating of nickel 
oxide only reducible at relatively high temperatures. These observa- 
tions have been extended and confirmed by Larson ^ in the case of 
copper. 

The evidence for a variability in the character of a catalyst surface 
is provided not only from considerations in respect to crystal structure 
and the adsorption of gases, but also from experimental data on the 
rate of catalytic change. Such evidence is provided from two different 
considerations. We may, on the one hand, calculate the rate of 
condensation of reactants and rate of evaporation from the catalyst 
surface with the aid of the Herz-Knudsen eq[uation and a knowledge 
of the amount of gas adsorbed under the experimental conditions, and 
compare this theoretical maximum rate of reaction with that actually 
observed. It will be found that but a minute fraction of the molecules 
adsorbed on the surface actually undergo chemical reaction; this 
fraction is found to vary with the nature of the catalyst surface and 
is not dependent on the energy of activation of the reaction, as is 
exemplified by the following data of Hinshelwood and Topley ^ on 
the decomposition of formic acid into carbon dioxide and hydrogen at 
various surfaces : 


Surface. 

Energy of Activation. 
Cals, per mol. 

h at 200“ C. 

Duroglass 

24,500 

2-6 10-7 

Gold . . 

23,500 

9*2 10-6 

Silver . 

31,000 

1-03 10-6 

Platinum 

22,000 

4'4 10-4 

Rhodium 

25,000 . 

. 2*4 10-3 

Palladium . 

39,000 

1-0 10-3 


^ J. Ghem. Soc,, 1922, 121, 318. 


® J. Amer. Ohem. 8oc.y 1925, 47, 354. 
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Evidently tlie catalytically active patches are greater in extent on 
the metals of the platinum series than on silver and gold or duroglass, 
whilst the energies of activation are all comparable, with the exception 
of palladium. 

Again, we find that on the addition of minute amounts of poisons 
to catalysts a very serious reduction in the reaction velocity occurs 
without any sensible diminution in the adsorption of the reactants 
taking place. Many cases of qualitative fractional and selective 
poisoning will be discussed in a subsequent section. A few quantitative 
experiments have been made on the relative areas of patches of varying 
activity; thus Kideal^ found that 0-01 per cent only of a nickel 
surface was efiective in catalysing the union of hydrogen and ethylene. 
Pease ^ noted that but a few cubic millimetres of carbon monoxide 
poisoned a copper surface for the same reaction. Bideal and 
Wright ^ found that on an active sugar charcoal 0-04: per cent of the 
surface was autoxidisable and 40 per cent of the surface was 
catalytically active. 

Becent experiments by Eichardson^ on thermionic emission from 
metal surfaces have revealed the interesting fact that electron emission 
from a hot surface does not occur uniformly over the surface but 
apparently from localised patches. It is an interesting speculation 
to associate these patches which are thermionically active with the 
active patches identifiable by adsorption and catalytic means. 

That some connection may exist is evident from the experiments 
of Thompson,® who showed that thermionic emission commenced 
from a platinum wire when raised to the temperature at which the 
union of hydrogen and oxygen on the surface commenced. Langmuir ® 
likewise noted that when sufficient poison had been admitted to a 
reacting system containing a catalytic tungsten wire to suppress the 
catalysis, thermionic emission was simultaneously suppressed. 

Activation of metal surfaces. — ^In the foregoing sections we have 
discussed somewhat briefiy the evidence in favour of the hypothesis 
that catalysis occurs on localised reaction centres which may be 
relatively small in area compared to the total surface exposed to the 
reactants. These localised reaction centres are characterised by strong 
adsorbing powers, as is exemphfied by the behaviour of traces of 
poisons on the reaction velocity ; whilst these in turn are related to 
the configuration of the metal surface, an open packing or irregular 
atomic distribution being more effective than a closely packed surface. 
These conclusions throw light on the process of activation of a metal 
surface. It is well known that repeated alternate oxidations and 
reduction at low temperatures, render metals such as copper, iron, 
and nickel extremely active. An investigation on the increase in 

2 J. Amer. GUm, 8oc„ 1923, 45, 1193, 2296. 

^ ProG, Boy, 8oc., 1926, 107a, 377. • 

® Log. cii. 


^ Log. cit. 

3 J. Ohem. 8oc., 1925, 127, 1347. 
3 Physikal. Zeitsoh., 1913, 14, 11. 
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catalytic activity of coppet for the dehydrogenation of ethyl alcohol 
after a series of oxidations and reductions at 250° C. showed that if 
precipitated copper oxide were utilised as source of copper a marked 
increase in catalytic activity was to be observed after two reduction 
processes had been completed, subsequent oxidations and reductions 
scarcely afiecting the catalytic activity. In the first reduction copper 
is formed from cupric oxide, and a skeleton of metal pseudomorphic 
with the original copper oxide results. Dunn^ has shown that this 
‘‘ open ” variety of copper is stable up to 400° C. ; at higher temperatures 
it commences to sinter and reverts back to the more closely packed 
configuration of metallic copper, with a corresponding reduction in 
permeability to gases and catalytic activity. On the second oxidation, 
cuprous oxide is formed which, on reduction, yields an even more open 
network of copper. Subsequent oxidations and reductions do not open 
the lattice any further, and it has been noted that even a small decrease 
in catalytic activity may occur, due to collapse of the open structure. 
This artificial increase in the relative area of active surface must be 
distinguished from an increase in the total surface area by artificial 
means, an increase which may be associated with a relative decrease 
in the fraction of surface catalyticaUy active, a point which we shall 
have occasion to discuss in a subsequent section. 

The reaction velocity of catalytic changes. — In the preceding 
sections arguments have been advanced in support of the hypothesis 
that molecules adsorbed in the primary film are orientated and held 
relatively firmly. Such adsorption is orientated, since particular 
groups in complex molecules afiect the values of the adhesional forces. 
In addition we have noted that only a small fraction of the surface 
even of an active material is catalyticaUy efiective. 

Bodenstein^ and Bodenstein and Stock® assumed that reaction 
proceeded in the adsorbed gas layer around the catalytic material 
which served merely to condense the gas in an atmosphere around the 
surface. The reaction velocity, on this view, was governed by the rate 
of difiusion of reactants or products through this adsorbed thick film, 
the thickness of which was a function of the pressure. This point of 
view was shown to be untenable by Langmuir ^ for heterogeneous 
gaseous reactions, but, as we shall note, hmitations due to rates of 
difiusion frequently play an important part in heterogeneous reactions 
in liquids. 

It is found, for example, that the decomposition rate of certain 
hydrides is materially affected by the pressure of the gas, as is evident 
from the foUowing data. 

According to Bodenstein’s view the film thickness should be pro- 
portional to the pressure for phosphine and arsine, and proportional 
to the square root of the pressure for hydrogen and ammonia. 

1 Unpublished experiments. 2 Zeitsch. physikal. Ghern,, 1899, 29, 665. 

2 Ber., 1907, 40, 670. * J. Atmr, Ohem, 80 c,, 1916, 38, 2289. 
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Gas. 

Surface. , 

Reaction Rate. 

Investigator. 


Tungsten 


Langmuir, loc. dt. 

PHg 

Phosphorus 

il 

Koos, ZeitscK ^hysihal, GJiem,, 1893, 12, 
166. Trautz, Zeitsch. anorg. Ghem., 
1919, 106, 95 

AsHa 

Arsenic 


Cohen, Zeitsch, physikah Chem,, 1896, 
20, 303 ; 1898, 25, 483 

SbHg 

Antimony 

0 

II 

Stock, Ber., 1918, 41, 1319 

NH 3 

Quartz glass 


Bodenstein, Ber., 1907, 40, 670 


Langmuir showed, from a consideration of the observed reaction 
velocity and the rate of condensation of the gas on the catalyst surface, 
that the velocity is in general not fast enough materiahy to afiect 
the equilibrium between the adsorbed film and the surrounding gas 
We must imagine that in such reactions molecules are continually 
hitting the surface, condensing there, and after a time interval more 
or less short either evaporating unchanged or undergoing decomposi- 
tion with subsequent evaporation of the reaction products. Before 
attempting to analyse in more detail the mechanism by which a 
condensed molecule selectively re-evaporates unchanged or undergoes 
surface decomposition, we find that Langmuir’s point of view afiords 
valuable evidence as to the structure of the adsorption compound 
that is formed on condensation of the reactant. This evidence, 
together with the inference as to the points of attachment derived 
from the considerations previously advanced, gives us a relatively 
good picture of the structure of the surface compound. In the case 
of the surface catalytic decompositions referred to above, there are 
evidently two extremes : either the surface, hy which is meant the 
catalytically active surface, is covered only to a small extent with the 
reacting gas, or it may be almost completely covered. 

In the first case we may, on analogy with our previous considerations 
(p. 35), write 

Rate of condensation of unchanged gas == a/z, ; 

Rate of evaporation of unchanged gas = 

where n represents the number of elementary spaces on the surface 
occupied by each molecule of the reactant and 6 is the fraction of 
surface covered. 

The product of chemical reaction is formed by the combination of 
molecules from m adjacent spaces. 
d%X/ 

■If ^ represents the velocity of chemical change, 


G 
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TTie velocity thus varies as the mfn power of the gas pressure. 
In the case of the dissociation of hydrogen on tungsten Langmuir 

found whilst for the recomhination of hydrogen atoms on 

tungsten he found These relationships are at once intelligible 

if it be assumed that a hydrogen atom occupies or is attached to but 
one elementary space on the lattice ; the hydrogen molecule would 
thus occupy two spaces. Whilst absolute values cannot be assigned 
to m QT n in such cases as in the decomposition of the hydrides, it is 
clear that in cases such as the decomposition of phosphine where 
m—n, diagrammatic representation ii& possible by assigning a value 
of m = = 2 f or the reaction. 

On this view of valency of adsorption compounds, stibnine, w;hich 
at low temperatures possesses an exponent of 0-6, must be assumed 
to undergo a composite reaction, for it is clear that mjn must 
be some simple fraction or integer. This is confirmed by the fact 
that the exponent rises to unity with elevation of the tempera- 
ture. It is possible that stibnine undergoes two types of > surface 
reaction, one sinnlar- to that of ammonia on quartz glass, and the 
other comparable to that of arsine, the latter predominating at high 
temperatures. 

We have noted that there exists another case of simple decomposi- 
tion at a catalytic surface in which the surface is completely covered. 
Under these conditions the surface concentration will be constant 
and independent of the pressure ; thus, the reaction velocity will be 
independent of the pressure and depend only on the extent of 
‘oatalyticaUy active surface. A number of reactions of such a type 
corresponding to a reaction of zero order have been examined, such 
as the decomposition of alcohols at a copper surface and the decom- 
position of formic acid at solid surfaces. 

Multimolecular surface actions. — Similar considerations may be 
applied to the more complicated interactions, catalytically accelerated 
at solid surfaces. A number of these have been examined in detail, 
such as the oxidation of sulphur dioxide to trioxide at the surface of 
platinum,^ the oxidation of carbon monoxide at the surface of quartz ^ 
and of platinum,^ and the hydrogenation of ethylene at nickel surfaces,^ 
and also at copper surfaces.® 

^ Bodenstein and Fink, Zeitsch. physikal, Gh&m., 1917, 60, 1, 

. 2 Bodenstein and Ohlmer, ihid., 1905, 53, 175. 

® Langmuir, J. Amer. Ghem. Soo., 1915, 37, 1162 ; Trans. Farad. Soc., 1921, 17, 621. 

* Palmer, Proc. Moy. jSoc., 1921, 99a, 402 j Bideai, J. Ghem. Soc., 1922, 39, 309. 

^ Pease, J. Amer. Ghem. Soc., 1923, 45, il93, 226. 
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Eor the oxidation of carbon monoxide Bodenstein and Ohlmer found 
e following reaction velocities : 

(a) On crystalline quartz = A^PcoVRoa- 


(b) On quartz glass 


dx_K'^o^ 
dt Poo 


we assume that on crystalline quartz the carbon monoxide occupies 
.6 elementary space on the lattice^ we obtain for the conditions of 
uilibrium 

)r the oxygen which we assume occupies two elementary spaces, 

taction takes place between adjoining carbon monoxide molecules 
.d oxygen atoms, or 

l-W. ^ 

=ZPcoV'Po,. 


1 quartz glass, on the other hand, the adsorptive forces are appareutly 
conger at the localised active patches, and we must assume that these 
,tches are almost completely covered with an adsorbed film of carbon 
onoxide. The rate of condensation of this gas will be 

id since 6 is small and constant we obtain 


OLifJbid — 

le oxygen undergoes reaction when its molecules come into contact 
.th the uncovered surface fhus the rate of reaction will be 





In addition to these simple cases many more complicated examples 
bve been worked out on the general principles laid down by Langmuir, 
btention may be drawn to three phenomena occurring in such surface 
actions, which appear to be by no means uncommon. 

(a) Reaction by contact with an adsorbed molecule or atom , — 
ingmuir ^ has shown that carbon monoxide undergoes oxidation at 
platinum surface chiefiy by striking atoms already present on the 
Lrface as a result of adsorption of oxygen molecules on two elementary 

^ Log. cit. 
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spaces. There is some new eyidence obtained by Wolfenden^ which 
indicates that- some hydrogenation processes occur by collision of 
reactants with hydrogen atoms present on a metal surface, though 
it seems also that not all hydrogenation processes may be so achieved.^ 
(h) Inhibition by reactants , — We have noted that the general 
equation for a reaction between two gases on a surface which does not 
adsorb either reactant very strongly can be expressed in the form 

jrg nfj m 

where $2 represent the fractions of the active surface covered by 
the respective n and-w valent reactants. 

If the surface be almost completely covered with both reactants 

whence ^ 

Thus, the reaction velocity will be at an optimum for a particular 
ratio of the reacting gas pressures sinking on either side of this optimum 
as the ratio of the reactants is increased or decreased. The existence 
of this optimum has been shown for ethylene and hydrogen at a 
copper surface by Pease, at a nickel surface by Rideal, and at a charcoal 
surface in the oxidation of oxalic acid by Rideal and Wright. 

(c) Inhibition by the reaction products , — In the case of the hydro- 
genation of ethylene the ethane produced does not exert any inhibiting 
action, but many cases are to be found in which the reaction products 
are strongly adsorbed and thus slow down the reaction velocity. Thus, 
Bodenstein and Eink noted the inhibiting action of sulphur trioxide 
on the oxidation process of the dioxide at the surface of platinum, 
Burk and Hinshelwood ^ that of hydrogen in the decomposition of 
ammonia, and Hinshelwood and Pritchard ^ of oxygen on the de- 
composition of nitrous oxide at platinum surfaces. 

We may divide these cases into two classes, those in which the 
reaction product is very strongly adsorbed, and those in which it is 
adsorbed relatively as strongly as the reactants. As an example of 
the former we may take the case' of the oxidation of sulphur dioxide. 
We may imagine the catalyst surface covered with a layer of SO3 
molecules each occupying two elementary spaces. 

The rate of condensation will be and the rate of evaporation 
V will be constant, since the surface is nearly completely covered. 

Since equilibrium obtains 

sjn the presence of excess oxygen any vacant spaces on the active 

1 Proc. Roy. Soc., 1926, 110a, 465. 

2 Taylor and Marshall, J. PTiys. Ghem., 1925, 29, 1140. 

® J. Oh$in. Soc., 1926, 127, 1105. * J. Chem. Soc., 1926, 127, 331. 
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catalyst will be occupied by this gas, and the sulphur dioxide enters 
into reaction when it strikes the space occupied by the oxygen at a 
rate proportional to ^/i-sos- Hence we obtain 








In the presence of excess sulphur dioxide the reaction velocity will 

evidently be ^ = Z--=r=2l=, in agreement with the experimental data 
VPsoa 

of Bodenstein and Fink. 

In the decomposition of nitrous oxide at a platinum surface, according 
to the equation 

2 N 2 O — >2N2-{-02, 


Hinshelwood and Pritchard ^ found that oxygen exerted a retarding 
influence. If 9 be the fraction of the active surface covered with the 
oxygen film at equilibrium, the rate of condensation and evaporation 
will be equal, or 

aixil — d)=^v9, 


whence 




V 1 

v + a / j , 1 + 6(02)’ 


The rate of decomposition of nitrous oxide on the bare catalytic surface 
will be accordingly 


or 


-^=h{l^,0){l-e) or 


M20 

l + 6(Oa)’ 


dx K(a - x) 
dt'~ l+6fl5 ’ 


where a is the original pressure of the nitrous oxide. The agreement 
between the observed values and those calculated with the aid of the 
above equation is shown in the following table : 


I'Os. 

dx 

calc. 

di 

^ observed. 
dt 

23 

46 

44 

40 ^ 

35 

36 

745 

29 

26 

112 

20 

20 

159 

14 

15 

206 

10 

12*5 

257 

10 

10*4 

305 

10 

i 

9 


t 


« 


i 


i 


i 


1 J, Ghem. Soc., 1925, 127, 331. 
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The reactioii velocity in solutions. — In the case of heterogeneous 
catalytic gas reactions we have noted that the diffusion hypothesis 
of Faraday and 'Bodenstein could in general not be substantiated. 
In all cases yet examined the observed surface reaction velocities are 
much smaller than the rate of contact of the gaseous reactants. In 
solutions, however, and possibly also in cases where the surface reaction 
velocities are high, such as in the cases of surface combustion examined 
by Bone, the' rates of diffusion may be comparable to the rate of 
chemical action. It is clear that if the rate of diffusion be the limiting 
factor in such action, the influence of temperature on the reaction 
velocity will be that corresponding to the temperature coefficient of 
diffusion, which is small in gaseous and liquid media. 

Zero order reactions. — It has already been observed that in many 
heterogeneous gas reactions, such as the decomposition of alcohols 
and esters at the surfaces of metals and metallic oxides, the rate of 
decomposition is independent of the pressure, an experimental fact 
readily intelligible on the assumption that the reactants are strongly 
adsorbed and that the reaction velocity actually measured is the rate 
of conversion of the adsorbed reactants and subsequent evaporation 
of the products. At sufficiently low pressures a departure from zero 
order reaction is to be anticipated. Such zero order reactions are 
frequent in liquid systems. We find, for example, that many enzyme 
reactions such as the hydrolysis of sugars as observed by Armstrong,^ 
Hudson^ and Nelson,^ obey within wide limits such a law (see also 
Chap. XIIL). 

The case of the hydrogenation of unsaturated organic substances 
at colloidal and massive nickel and platinum surfaces presents some 
interesting features. The reaction velocity of hydrogenation has been 
studied with a view to elucidation of the mechanism by a number of 
investigators, notably Paal,^ Fokin,® XJbblehode and Svanoe,® Thomas,'^ 
Eideal,® Armstrong and Hilditch.® One of the factors unconnected 
.with the mechanism of the reaction is the rate of supply of hydrogen 
by diffusion through the liquid to the catalyst surface. It is found 
that this rate of supply is augmented by agitation, the rate of hydro- 
genation is determined over a limited range by the agitation rate n, 
and the relationship 

is obeyed. 

A similar dependence of reaction velocity om the agitation rate 
was noted by Bredig and Teletow in the decomposition of hydrogen 

1 Proc. Roy. 8oc., 1924, 73, 500. 2 Soc., 1908, 30, 1160, 1564. 

^ Ibid., 1916, 38, 1109. ^ Ber., 1907, 40, 2309 ; 1908, 41, 805. 

® Zeitsch. a-ngew. Ohem.y 1908, 22, 1451, 1492. ® Ibid.^ 1919, 32, 267, 276. 

’ J. Chem. Soc. Inst., 1920, 39, 120. ® Trans. Farad. 8oc., 1923, 19, 1. 

® Proc. Roy. Soc., 1919, 96a, 137 ; 1920, 98a, 27 ; 1921, 100a, 240. 

Zeitsch. Blehtrochem., 1906, 12, 581. 
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peroxide at a platinum surface. In this case a limitation to the rate 
of reaction is set by the rate of difiusion of hydrogen peroxide through 
the “ diffusion layer” ^ of water adhering to the platinum, the thickness 
of this layer being reduced under increased agitation. Above certain 
critical speeds, however, it is found that the rate of hydrogenation 
as weU as the rate of decomposition of hydrogen peroxide is unaffected 
by the rotation speed, and the rate is thus not influenced by the rate 
of supply of hydrogen to the catalyst. An examination of the hydrogen 
uptake time curves indicates that with pure materials and active 
catalyst the curves are linear in character until the reaction is nearly 
completed, when a unimolecular form appears. With old and feebly 
active catalysts the zero order portion of the curve becomes smaller 
and the curve over an extended period of time acquires' a unimolecular 
character. It has also been shown in the case of sodium cinnamate 
and sodium phenyl propriolate that these reactants are strongly 
adsorbed by a colloidal palladium catalyst. It appears that the rate 
of reaction in the hydrogenation of pure substances is proportional to 
the concentration of a ternary complex hydrogen-unsaturated com- 
pound-catalyst, similar to the many bimolecular surface gas reactions 
already discussed. 

For organic substances strongly- adsorbed at the catalyst surface 
the surface concentration will be independent of the bulk concentration ; 
for substances feebly adsorbed and on inactive catalysts the surface 
concentration will be related to the bulk concentration by an equation 
of the Freundlich or Langmuir type. The reaction velocity will thus 
be independent of the bulk concentration until this falls to such a 
value that the surface concentration suffers a diminution. Poisoning 
by reaction products, gradual adsorption of poison from the reaction 
mixture, accumulation of impurities in the hydrogen, and other similar 
disturbances, readily cause a departure from the linear type of curve. 

Uni- and pseudo - tmimolecular reactions. — Whilst over a large 
portion of the curve the reaction velocity of hydrogenation is of zero 
order with respect to the substance undergoing hydrogenation, the 
effects of variation of hydrogen pressure are by no means so definite. 
If the adsorption complex nickel-organic substance is relatively stable 
it is clear that, as in the ethylene hydrogen combination (Rideal and 
Pease), the reaction velocity should be proportional to the hydrogen 
pressure, a conclusion verified experimentally in simple cases by 
Armstrong and Hilditch. For low concentrations of catalyst the 
increase in rate is less than proportional to the increase in pressure, 
whilst it was found that if the unsaturated compound contained a 
group which had an affinity for nickel but was not open to hydro- 
genation, an increase in hydrogen pressure caused a more than 
corresponding increase in reaction velocity. The decomposition of 

^ See Noyes and Whitney, Zeitach. physikal. Chem., 1897, 23, 689 ; Brunner, ibid., 1900, 
36, 283 ; Nernst, ibid., 1904, 47, 62. 
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Lydrogen peroxide at tlie surface of massive platinum is, as we Lave 
noted, limited over a certain range of speed of agitation by tbe rate 
of diffusion of tbe hydrogen peroxide tbrougb the diffusion layer, and 
is thus pseudo-unimolecular in character. 

At the surface of colloidal metals and oxides such as platinum, 
manganese dioxide, cobaltic oxide, and copper oxide, Bredig and his 
co-workers ^ obtained an approximately unimolecular rate of decomposi- 
tion in slightly alkaHne solution. There is, however, a relative increase 
in the velocity constant as the reaction proceeds, and, in addition, 
the temperature coefficient is relatively high {ca. 2*4 for 10° C. rise). 
These two facts cast doubt upon the hypothesis that the pseudo - 
unimolecular character of the reaction velocity is a measure of the 
diffusion rate of hydrogen peroxide through the diffusion layer. It 
is more than probable that but a small portion of the colloidal particles 
are catalyticalLy active, and that we are measuring the true rate of 
chemical reaction at the surface. The phenomena associated with 
colloidal catalysts receive a more detailed consideration in a sub- 
sequent chapter (Chap. XIII.). 

There are many other examples of catalytic acceleration by massive 
and colloidal platinum to be noted in aqueous solutions, Thus, a 
number of ionic oxidations are accelerated by the metal ; e.g. : 

Diethelm and Eorster, Zeitsoh. 

pJiysilcaL Chem., 1908, 62 , 129. 
Denham, ibid., 1910, 72 , 641. 
Manchot and Herzog, Ber. Ghem. 

Ges., 1900, 33, 1742. 
Jablczynski, Zeitsch. 'physihal. 
Ghem., 1908, 64 , 748. ' 

Whether these reactions are limited in respect to their velocity by 
diffusion or the specific surface chemical reaction rate, requires further 
investigation. It is more than probable that the transition from one 
limitation to the other on agitation of the liquid, as noted in the case 
of hydrogen peroxide, may be obtained in these cases also. 

The energy of excitation. — In the case of bimolecular gaseous 
reactions we have noted the necessity for adopting the hypothesis of 
active or excited molecules, the energy of activation or excitation 
being provided by inelastic collision. For heterogeneous reactions 
likewise a similar hypothesis is necessary, for a simple calculation 
indicates that but a small fraction of the molecules of a gas impinging 
on an active catalytic surface actually suffers decomposition. We 
have noted that many such actions proceed with uniform velocity 
although the pressure of the gas or concentration of the reactant in 
solution may undergo wide variations, and it is inferred that the 

1 Zeitsch. physihal. Chem., 1899, 31, 258 ; 1901, 37, 1 j Ber., 1904, 37, 798. 


Ti-' + H — ^-Ti^^-hH 
Co2(CN)6i^+H-^ Co(CN)6'"-hH 

Cf- + H— >Cr-+H 
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catalytic surface is strongly adsorbent. Thus, the increase in velocity 
of the reaction on elevation of the temperature willj as we shall note, 
for these reactions, be almost a true measure of the critical energy 
increment. In many reactions, the active surface may undergo 
alteration in area on elevation of the temperature ; thus, poisons may 
be partially desorbed with consequent increase in active area ; the 
temperature coefficient will in these cases be abnormally large. Again, 
the configuration of the surface of a sensitive catalyst may alter as the 
temperature is raised, due to the increased rate of sintering. In the 
case of heterogeneous bimolecular reactions, inferences from the tem- 
perature coefficient of the reaction are liable to be misleading ; thus, 
if one reactant be strongly adsorbed and the other undergoes reaction 
when it strikes a vacant space on the catalyst surface, the temperature 
coefficient will yield merely a measure of the latent heat of adsorption 
of the strongly adsorbed reactant. 

For simple surface reactions, however, proceeding under conditions 
so that the surface is always saturated, the calculation of the energy 
of excitation yields approximately correct values. In the cases 
fulfilling these conditions, which have been examined with care, it is 
found that the energy of excitation of the catalysed reaction is always 
less than that of the uncatalysed homogeneous bimolecular gas 
reaction. 

Thus, in the decomposition of nitrous oxide, which occurs both as 
a bimolecular homogeneous gas reaction and on the surface of platinum, 
Hinshelwood and Pritchard ^ found for the homogeneous reaction both 
from the temperature coefficient and from the relationship 

E 

Number of efiective collisions _ 

Total number of collisions ’ 

a value of = 55,000 cals., whilst from the temperature coefficient of 
the surface reaction a critical energy increment of 32,500 calories per 
grm.-mol. was found. Eideal and Norrish ^ found for the homogeneous 
gas reaction H 2 + a critical increment of 51,460 cals. ; for the 
surface action between hydrogen and sulphur, a value of 25,750 cals. 

Hinshelwood has pointed out that in the case of simple decomposi- 
tion of NgO, HI, and ClgO, for the surface reaction the activation of 
one molecule takes place, but, in the bimolecular gas reaction, the 
critical energy increment to be supplied must be sufficient to activate 
two molecules of the reacting species. The acceleration produced by 
such a conversion from a bimolecular to a unimolecular ” reaction 
is thus clearly intelligible, although the actual energy of excitation 
per gram-molecule may be very similar in the two cases. 

In the case of homogeneous bimolecular reactions the energy of 
excitation is supplied by collision between the molecules. It might 


1 J. Chem. Soc., 1925, 127, 330. 


® J. Ohem, Soc., 1923, 123, 3216. 
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be suggested that only those molecules hitting the active catalyst 
surface with kinetic energy equal to or in excess of the critical value 
undergo activation and decomposition, the remainder merely con- 
densing and undergoing subsequent evaporation. 

There are, however, several alternative possibilities which cannot 
lightly be dismissed. Thus, we may consider that an adsorption 
compound is first formed between catalyst and reactant, and that this 
compound is subsequently supplied with activating energy by collision 
or by radiation. Again, the actual act of adsorption may result in the 
production of an activated species. The kinetic energy of the accom- 
panying molecule, the surface energy of the catalyst, and the 
change in internal energy of the surface and adsorbate consequent on 
the formation of the surface complex, may all contribute to such 
activation. The specificity and localised activity of catalysts, as well 
as the extreme rapidity with which the kinetic energy of a colliding 
molecule is damped on collision with a solid surface (Langmuir), favour 
the view that the activation occurs in the catalyst-gas complex. 

The relationship between evaporation and decomposition of an 
adsorbed molecule may be suggestively considered in the following 
manner. The number of molecules evaporating per second per unit 
area of active surface at a temperature T may be written, if such 
surface be covered at all temperatures, 

-A 

Nve 

where N is the number adsorbed and - the mean life of an adsorbed 

V 

molecule after activation with a quantity of energy Q, the latent heat 
of evaporation. The number of molecules per unit area of active 
surface undergoing decomposition per second will be 


A 

where ~ is the mean life of a molecule after activation with E, the 

V 

critical energy increment for decomposition. 

1 1 

The mean lives - and of the complexes between excitation and 

V V 

evaporation or disintegration correspond to Maxwell’s period of mole- 
cular relaxation, since not only are vacant spaces filled up immediately, 
but the adsorbed molecules may be regarded as akin to a two- 
dimensional gas possessing purely vibrational energy in one vertical 


plane. The time of molecular relaxation in a homogeneous gas is 


77A’ 


where rj is the viscosity and A the density, and thus varies but slowly 
with the temperature. Since the process of readjustment of the 
distribution of energy in the surface phase after evaporation or dis- 
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begration is tlie samcj it is probable that the mean lives are extremely 
ort and possibly related to Q and E by the relationship Q^NJiv', 
= NJiv\ as suggested on p. 44. 

Even more complex axe cases such as the decomposition of alcohols, 
bers, and formic acid, the surface compounds of which may undergo 
aporation, and two different types of surface decomposition each 
th its own characteristic critical energy increment for the particular 
talyst employed. The fact that the rates of the two modes of 
composition are in no way related to the critical energy increments 
clearly in favour of the hypothesis that we are dealing with two^ 
rface compoxinds of different character and structure, each of which 
ly undergo the evaporation change but only one form of decom- 
sition. It is to be anticipated that the heats of adsorption to form* 
ese two species of compounds would be different, and the hypothesis 
the existence of these two types might thus receive experimental 
nfirmation. 

Apparatus employed. — ^The most important heterogeneous catalytic 
actions include those in which the reactants are forced through a bed 
granular contact material,* ’the effluent gases or liquids being then 
bmitted to analysis. Many examples of such reactions are to be 
and in technical practice, such as the catalytic process for the 
eparation of ammonia, hydrogen from water gas, the removal of 
Icium and magnesium salts from hard waters by sodium zeolites 
chlorine from hydrochloric acid. The advance to be recorded in 
e scientific investigation of the hydrodynamics of the problem is 
it considerable. 

It is at once evident that if a volume V of reactants be passed 
rough a volume v of material per hour, the space velocity ” or 

V 

e volume of gas passed through unit volume* of catalyst is -- litres 

c c.c.) per litre (or c.c.) per hour. The space velocity ’’ (or S.V.) 
an important characteristic, especially for technical purposes, and 
clear statement of the space velocity is necessary when the feasibility 
any process is under discussion. A closer analysis of this definition 
11, however, indicate that there is some uncertainty about the details 
this conception. It must be understood that the S.V. (space 
locity) is always referred to the reactants at normal temperature 
id pressure, a matter of considerable importance when the reaction 
kes place in the vapour or gaseous state at elevated temperatures, 
^ain, the conception of ‘‘ reactant ’’ permits of a certain degree of 
bitude. Thus, in the symthesis of ammonia from nitrogen and 
"drogen in the stoichiometric ratios 1 : 3 both the gaseous con- 
Ltuents take part in the reaction, and since the stoichiometric relations 
e not altered after catalysis, both gases are to be considered as 
actants. In other cases, such as in processes of hydrogenation, of 
Lective combustion, or of the conversion of water gas into hydrogen 
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aad carbon dioxide in the presence of steam, the question arises as to 
whether the S.V. should he referred entirely to the reactant, i.e. the 
substance imdergoing hydrogenation or combustion, or again to the 
carbon monoxide in the water gas. Thus, in the case of the water-gas 
conversion, the quantity of hydrogen in the gas or of steam employed 
might conceivably modify profoundly the velocity of reaction at the 
surface of the catalyst. 

The procedure generally adopted is to refer the S.V. to some 
important constituent of the reactants. Thus, in the water-gas 
reaction, the S.V. may be taken from the mean of the total volume of 
gas entering and leaving the catalyst mass corrected to N.T.P. after 
condensation of the steam, whilst in cases of hydrogenation of, say, 
an oil, the S.V. would be referred to the mass of oil hydrogenated per 
unit volume of catalyst space or per unit mass of catalyst. 

Erom the space velocity a second figure, no less important for 
technical operations, may be obtained, namely, the space time yield ” 
(or S.T.Y.). If the fractional conversion of reactants accomplished by 
a single passage through the catalyst mass at a space velocity of F 
be R, then the space time yield or the yield in litres of desired product 
per Utre of catalyst space per hour will be R F. In many cases, for 
convenience, the S.T.Y. is expressed in kilograms per litre of catalyst 
space per hour, or other similar units which give a numerical value 
to the product R F. 

It may be observed that there is a relationship between R and F, 
since for low values of F the equilibrium under the conditions of 
operation is arrived at and R attains its maximum value. With an 
increase in the space velocity, equilibrium amongst the reactants may 
not have time to establish itself during the passage through the contact 
mass, and with exceedingly high space velocities the composition 
of the reactants will scarcely be afiected by such passage. Thus, 
to attain a maximum value of the product R F, it is not necessarily 
or indeed always desirable to limit the space velocity to such low 
figures as may be necessary to ensure attainment of equilibrium. 
Higher values for the S.V. and a lower conversion may give a greater 
output per hour. The jK F, F curve will consequently assume some 
such form as the diagram (Fig. 4). 

(i.) The region 0 to u, in which equilibrium is established at all 
velocities up to a space velocity of u', whence the product J? F is 
proportional to F. (ii.) The" region a to &, where from space velocities 
a' to V equilibrium is not estabhshed and the percentage conversion 
gradually falls ofi, the product R F increasing, however, with in- 
creasing values of F. (ui.) The region h to c, where, with exceedingly 
high space velocities, the rate of diminution of R, the fractional 
conversion, exceeds the rate of increase' in the space velocity, with a 
consequent decrease in hourly output. 

In all circulating processes the optimum space velocity is repre- 
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sented by tbe point V on tbe cbaracteristic E 7, F curve, whilst 
[or non-circulating processes tbe maximum hourly output and the 
best utilisation of the reactants (in those cases where equilibrium 
3onditions are desired) is attained at space velocities indicated by 
bhe point a\ 

No satisfactory data have been published on the design of converters 
:or such types of heterogeneous catalysis, but the following points 
vhich bear upon this subject may be mentioned. 

We have derived a figure for the space velocity from a consideration 
if the rate of fiow of the reactants through a given volume of catalyst 
space. This figure evidently gives us no information as to the actual 
velocity through that space, since part is occupied by the catalytic 



aaterial. Eor purposes of calculation we may assume that the catalyst 
insists of a number of uniform spheres, and, further, that they are 
>acked in a simple and regular manner in the catalyst chamber. 

It can be easily shown, for the simplest type of spherical packing, 
dz. point contact in sets of three, thus : 

O 

OO 

hat the free space unoccupied by the spheres (assumed inelastic and 
ncomprcssible) is 33*5 per cent of the total volume occupied and is 
[idej)endcnt of the diameter of the spheres, whilst the free cross- 
ectioTial area is 9-55 per cent of the area of the catalyst chamber and 
i likewise independent of the diameter of the spheres. The dependence 
f the area of contact exposed by the surface of the spheres on the 
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diameter of tlie individual is exemplified in tlie following curve (Fig. 5). 
The advantages of fine packing are clearly demonstrated. 

The works of 0. Reynolds on gravitational theory, and of Pope 
and Barlow on chemical crystallography, may be consulted, for other 
types of spherical packing. They will be of use in giving an orientation 
into the problems of arrangement of the catalyst bed, but their utility 
is hmited by the deviations of the catalytic material from spherical 
shape. 

It is evident that for a S.V. of V the true space velocity is ap- 
proximately 3V, when due allowance is made for the space occupied 
by the catalytic material, and that the linear velocity in metres per 



Surface area in square decimetres per litre of catalyst space 
Pig. 5 

second may be obtained by calculating the rate of flow in a tube 
one-tenth the cross-sectional area of the converter. In technical 
design a linear flow rate of 10 metres per second is frequently taken 
as a convenient basis for calculation of gaseous reactions. Although 
fine division of the catalyst is desirable from the point of view of 
increasing the superficial area per unit volume of converter space, and 
altfbugh it may be possible to preserve uniform and approximately 
spherical packing in fine-grained material, yet, the increased skin 
friction caused by the great extension of surface to which the reactants 
are exposed during their passage, raises the value of the frictional loss 
or back pressure in the converter to such a high figure as to preclude 
economic working. A second objection of a practical nature to undue 
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eduction in catalyst size may be raised in that even coarse powders 
re very prone to removal by passage of the gaseous reactants, and are 
able to exhibit the phenomenon of channel formation ” due to 
Light unevenness in the distribution of the material. 

Types of apparatus for experimental work.—Eor the experimental 
ivestigation of catalytic processes involving gas reactions at a solid 
ontact substance, two simple types of apparatus may be described 
^hich have proved of great utihty. 

Sabatier developed a form of apparatus which has been used 
nth success in the investigations which he has conducted with his 
ollaborators on the hydrogenation of organic liquids. This type of 
apparatus is generally applicable to the study of 
catalytic interaction of gases and of vapours of 
liquids. 

A glass, or preferably quartz, tube of suitable 
dimensions forms the reaction space, in which is 
placed a layer of the catalytic agent to be employed 
— ^in the case of nickel a layer of the unreduced 
oxide. 

One end of the tube is closed with a stopper 
carrying two tubes, as illustrated in the accom- 
panying diagram (Eig. 6), of which one serves as 
delivery tube for the incoming gas (hydrogen in the 
case of hydrogenation studies), the other for delivery 


A 

T' 


fBr 


M/Ml. 
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Catalyst 



Pm. 6. 


f the Hquid, or of the gas to be investigated. In the case of liquids 
capillary tube is employed, the liquid being stored in the vertical 
ibe T, The rate of flow of liquid may be regulated by varying the 
iameter^of the capillary and the height of liquid in the reservoir, 
abatier recommends that the inflow of liquid into the reaction space 
e constant by arranging that it does not leave the capillary in drops, 
►y allowing the end of the capillary G to touch the inside of the 
taction tube this may be readily attained. If the reservoir T be 
onnected with a vessel of considerable dimensions the height of 
quid, A may be maintained reasonably constant over long periods. 

The reaction tube is heated in any suitable manner, either by gas 
ame, as in an organic elementary analysis, or more conveniently for 
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tlie attaimnent of an even temperature, by means of an elect] 
resistance furnace. In tbe latter case, where the heating is unifoi 
around the tube, the catalyst may be inserted as a plug in the reacti( 
space as alternative to the layer of material employed in the ga 
heated tube. The heating should extend sufficiently far along tl 
tube to aUow of vaporisation of the incoming liq^uid at O?’ 

With sufficiently volatile liquids, an alternative arrangement 
possible in which the mixture of the gas and vapour is obtained 1 
allowing the former to bubble through the liquid, passing then< 
direct into the reaction space. By regulation of the temperature of tl 
liquid and by ensuring saturation of the gas at the given temperatur 
from a knowledge of the vapour pressures of the liquid, a definite rat; 
of gas to vapour may be readily attained. The authors have ioun 
this is a suitable method of introducing definite quantities of steal 
and alcohol vapours into the reaction mixture. It has been founc 
however, advisable in the case of steam, first to supersaturate the g£ 
with steam by passage through water maintained at a temperatui 
’ higher than that required to give the definite ratio, and then to pas 
the supersaturated gas through a further quantity of water maintains 
at the requisite temperature. 

Sabatier, in the case of sohds which are readily vaporised, place 
the material in porcelain boats inside the reaction space some distanc 
before the catalyst mass. The incoming gas carries along with it th 
vapours of the sohd arising from the heated boats. 

The temperature employed may be determined according t' 
Sabatier by means of a thermometer placed alongside the reactioi 
tube, when the latter is embedded for evenness of temperature distri 
bution in a layer of heated magnesia or fine sand. Alternatively, i 
may be placed inside the reaction vessel, in which case, however, theri 
is difficulty in altering its position to determine the temperature a 
various points. With the latter alternative, a thermo-couple is mor< 
useful than a mercury thermometer, owing to the difficulty of reading 
the latter when inside the tube. 

A modified form of apparatus can be conveniently used, mor( 
especially for the investigation of catalytic gas reactions at difiereni 
temperatures. The features of the apparatus are its simplicity anc 
adaptability, ease of temperature control and observation, as well a£ 
evenness of temperature distribution. The accompanying^ diagram 
(Fig. 7) illustrates the salient details of the apparatus. The outside 
glass or siHca tube is electrically heated by means of a resistance wire 
suitably insulated and lagged. The upper end of the tube terminates 
in a length of tubing of narrower bore sufficient to. pass the thermometer 
or thermo-couple, which may ’be adjusted in position at any suitable 

1 Other modifications of this apparatus are described by Taylor and Neville, J. Amer. 
Ghem. Soc., 1921, 43, 2060 ; Adkins, ibid.» 1922, 44, 2177 ; Adkins and Niss'en, ibid., 1924, 
46, 139. 
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Iieigiit. The catalytic material is contained in an inner concentric 
tube which, when in position, allows of a narrow space between the 
inside of the heater tube and the outside of the catalyst tube, through 
which the gases- pass up from below and are thus brought to the desired 
temperature. By this arrangement, apart from the radiation across 
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the gas space, the heating of the catalyst material is caused by the 
incoming gases, and so can be the more easily regulated. Also, the 
charging- of the reaction space with the contact body is more readily 
.effected than in the apparatus designed by Sabatier. Large sizes of 
this type of catalyst furnace, constructed in iron with suitable modifica- 
tions, have been employed with considerable success in experiments 
upon a semi-technical scale. 


H 



CHAPTEE V 


PBOMOTERSj MIXED, SUPPORTED, AND PROTECTED CATALYSTS 

The positive catalytic effect produced by a given substance in a given 
reaction may, it is found, be considerably enhanced by the admixture 
with the catalyst of small quantities of other substances. Normally, 
the acceleration produced by a catalyst is proportional to the con- 
centration of the catalytic agent present, as will be illustrated in 
numerous examples in the following pages ; in the case of two catalysts 
accelerating the same reaction, their double effect is frequently the 
same as if each were reacting singly. This is true, for example, when 
a mixture of colloidal platinum and gold takes part in the decomposi- 
tion of hydrogen peroxide. But exceptions to this rule are common. 
Mercury and copper sulphates each accelerate the oxidation of aniline 
or naphthalene by concentrated sulphuric acid. Their joint effect is 
greater than the sum of their individual activities. More especially, 
however, in gas reactions accelerated by solid catalysts does the 
phenomenon referred to become pronounced. The modification of 
^ catalytic activity produced by even minute quantities of foreign 
i materials is in many cases quite astonishing, and exploitation of this 
factor has been most marked in recent practical applications of 
catalysis. This may be iQustrated by a textual quotation from the 
^ Badische Company’s EngHsh patent ^ on improvements in the manu- 
facture of hydrogen by the water-gas-steam catalytic process : 

In the researches on the production of hydrogen from mixtures 
. of carbon monoxide and steam, according to the equation 

CO + HgOi^COa + Ha 

we have found that the power of catalytic agents generally can be 
improved by the presence of certain bodies which may be termed 
promoters. We have found, for instance, that the activity of the 
catalytic agents, especially those consisting of or containing iron, 
nickel or cobalt, or oxides thereof, and also the cataljrtic activity of 
other metals or oxides even such as, by themselves, are less active, 
can be greatly increased by the addition of certain compounds or 

^ No. 27963/1913. 
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bodies to wMcb, as aforesaid, may be given tbe name promoters. Tims 
tbe activity of catalytic agents consisting of or containing iron, nickel 
or cobalt, or oxides thereof, can be greatly increased by tbe addition 
of oxygen compounds of cbromium, thorium, uranium, beryllium, 
antimony, and the like. Further, a catalytic agent consisting of or 
containing iron in admixture with less than its weight of nickel, 
particularly after working for a long time, yields better results than 
does either iron or nickel when employed by itself. ... In many 
cases, particularly when using catalysts of weak activity, we prefer 
to employ as promoter a compound which differs considerably from 
the catalytic agent, in particular with respect to valency, chemical 
basicity, and capability of reduction. . . . The contact masses con- 
taining iron as the catalyst agent, and a smaller quantity of nickel, 
as above described, as promoter, bring about rapid and far-reaching 
conversion without the simultaneous formation of methane, even 
when a comparatively low temperature is employed, and, as’ compared 
■with pure nickel, are further characterised (especially when suitable 
oxides or oxy-compounds are employed as binding agents, or as 
promoters) by possessing greater stability and less sensitiveness to 
deleterious influences such as, for instance, fortuitous increase of 
temperature and impurities in the gas mixture.” 

As examples of such contact masses the patent application contains, 
inter alia, the following : 

(1) The mixture obtained by evaporation and ignition of a solution 
of 85 parts of iron nitrate and 15 parts of chromium nitrate. 

(2) The mixture obtained by ignition from a solution of the in- 
gredients, : 40 parts of ferric nitrate, 5 parts of nickel nitrate, and 
5 parts of chromium nitrate. 

(3) A preparation obtained by solution, evaporation and ignition 
of 194 parts of iron nitrate, 5 parts of ammonium bichromate, and 
1 part of thorium nitrate. 

Especially in this latter case is the principle of promoter action 
illustrated. It is clear from this example that a mixture containing, 
in the main, oxide of iron with admixture of but 2*5 per cent of 
chromium compounds and only 0*5 per cent of ceria, is claimed to have 
considerable superiority as catalyst over a contact mass containing 
iron oxide alone. 

In addition to the use of promotedi and mixed catalysts, con- 
sideration must also be given to the use of catalysts spread upon 
suitable supports. Stress has already been laid on the relation between 
physical condition and catalytic activity. Experiment has shown 
that efficient distribution of catalyst material may be secured by 
spreading the material upon an inactive support, economy of catalyst 
thereby resulting. The classical example is the use of finely divided 
platinum in the form of platinised asbestos or as platinised magnesium 
sulphate in the contact process of sulphuric acid manufacture. In 
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view of tlie pLenoinena occurring in the use of promoters and of mixed 
catalysts, it is possible that similar advantageous results accrue from 
the use of support materials, which are not to be explained from the 
point of \dew of distribution of catalyst alone. It is for this reason 
that the three classes of catalysts, promoted, supported, and mixed, 
are here grouped together for discussion. 

Pbomoter Action 

Information on the subject of promoter action is widely scattered 
through the literature and is in general meagre, being largely limited, 
in the field of heterogeneous catalysis, to simple statements in patent 
specifications that certain substances are able to activate some par- 
ticular catalyst. Pease and Taylor^ collected the major portion oi 
this literature with the object of increasing interest in the investigation 
of this field. Their compilation has been followed by a number of 
communications, from various sources, dealing more especially with 
the mechanism of particular catalytic reactions. The results will be 
set forth in detail in subsequent paragraphs. 

The definition of promoter action. — In attempting a definition of 
promoter action, Pease and Taylor construed the phenomenon very 
broadly and included all those cases in which a mixture of two or more 
substances is capable of producing a greater catalytic effect than can be 
accounted for on the supposition that each substance in the mixture acts 
independently and in proportion to the amount present. The breadth 
of this definition, while useful for purposes of literature compilation, 
has obvious defects. It is apparent that, within the scope of this 
definition, cases of promoter action, of mixed catalysts and of supported 
catalysts, may all be included. Furthermore, from what has preceded 
in reference to the relation of activity to distribution, it is apparent 
that the amount of a catalyst present is no correct measure of catalytic 
efiect as witnessed by the extreme variability in catalytic activity per 
unit area of metallic foil and metallic mirrors noted by Hinshelwood, 
Hartley and Topley.2 To define the field more particularly Pease 
and Taylor suggested the use of the terms “ activation ’’ and co- 
activation the former to designate the activation of a catalyst by 
a substance relatively inert catalytically, or by a small quantity of a 
relatively active substance. The co-activation of a number of catalysts 
each by the rest would obviously be a case which we have here designated 
as that of a mixed catalyst. 

As far as a study of the literature has revealed, the term ''promoter’" 
was first apphed in the patents of the Badische Anilin- und 
on ammonia synthesis to the substances themselves inert ■ ^ •. 

which are able to increase ihe activity of a moderately good catalyst 

1 J. Physical Chem., 1920, 24, 241. 2 Proc^Roy. Soc„ 1922, 100a 575 

® B.P. 19249, 16/8/10. 
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by admixture in small quantity with it. It can be maintained with 
some degree of success that tbe deliberate admixture of inert materials 
in small amounts witb catalytic agents to improve tbe eficiency of 
tbe catalyst constituted a novel advance in tbe technique of contact 
catalysis. It is also certain, however, that this enhancement of 
activity bad been achieved, unconsciously, many times previous to 
tbe deliberate use of such added agents. Indeed, as will later be 
shown, evidence as to tbe mechanism of the effect produced by such 
additions was obtained many years previously by Baxter in an investi- 
gation in no way connected with the problem of catalysis (see p. 107). 
The conscious development of this aspect of the subject by the Badische 
Company is well attested, however, by the patents covering a wide 
variety of catalytic processes in which the eflS,cacious use of promoters 
was claimed. In addition to those already mentioned, the following 
may be cited. Thus, in hydrogenation processes, claim was made^ 
for the use of iron, nickel, cobalt, or copper as catalysts, improved by 
addition of one or more of the following — often in quantities of less 
than 1 per cent : oxides or oxygen containing salts of the alkaline or 
rare-earth metals, or beryllium, manganese, magnesium, uranium, 
vanadium, nobium, tantalum, chromium, titanium, or boron, or 
difficultly soluble phosphates, tungstates, or selenates of the alkaline 
earths (or lithium), or compounds of fluorine, tellurium, or antimony, or 
the elementary tellurium or antimony. Eor the reduction of nitro- 
aromatic compounds, another patent ^ states that the copper used as 
catalyst may be considerably improved by the addition of zinc, silver, 
magnesium oxide, alumina, or sodium silicate. Other Badische patents^ 
deal with the promotion of catalysts for use in the oxidation of ammonia. 
Iron oxide admixed with small amounts of bismuth oxide or with a 
mixture of bismuth and cerium oxides are examples of this class. 

In their development of the field of promoted catalysts, with a 
view to patent protection, it is evident that the Badische Company 
attempted to extend the concept of a promoted catalyst to include 
cases which more particularly belong to the category of mixed catalysts. 
Thus, in ammonia synthesis, claims were made ^ for the use of mixtures 
of metals or their compounds from diflerent groups or sub-groups of 
the periodic table. Another ^ claims the use of a catalyst which shall 
consist of one substance capable of absorbing hydrogen and another 
capable of absorbing nitrogen, palladium-molybdenum being cited as 
a catalyst. The inclusion of a 50-50 iron-molybdenum catalyst in 
a promoted catalyst patent clearly indicates the efiort to include 
such cases of mixed catalysts in the general category of promoted 
patents. Such inclusions undoubtedly weaken any claim which the 
Badische Company might make to protection for promoted catalysts, 

i D.B.P. 282782, 12/12/13 ; B.P. 2306, 28/1/14 2 g.p, 5592, 16/4/15. 

3 D,R.P. 283824, 14/4/14; 287009, 24/5/14; B.P. 13848, 18/6/14 

^ B.P. 26167, 14/12/11. 5 2II6I, 26/9/11. 
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since there is an abundance of examples in the prior art of the superiority 
of mixed catalysts over either constituent singly. Thus in the case 
of ammonia synthesis itself, an Austrian patent granted to Hlavati ^ 
claims the use as catalyst of a mixture of titanium or titaniferous 
bodies in admixture with platinum. A French patent ^ to the 
Christiania Mine Kompanie claims titanium in a finely divided 
condition on neutral supports with or without the addition to the 
titanium of platinum or the platinum metals. Further, the titanium 
could be replaced by bismuth, antimony, or alkah or alkaline earth 
metals, provided that platinum or the platinum metals were employed. 
The use of metallic couples as reducing agents ^ is a very old example 
of the mixed metals possessing an activity when together much greater 
than the combined effect of each singly. In the case of the zinc-copper 
couple the reaction is not generally regarded as catalytic because the 
zinc reacts ; but it is catalytic as regards the copper. Cohen and 
Dakin ^ report the catalytic action of an aluminium-mercury couple in 
the halogenation of benzene, toluene, and xylene. They state that the 
fragments of the couple remain unchanged during the reaction. These 
examples may be taken as typical. Other cases, more especially those of 
mixed catalysts in homogeneous systems, will be discussed at a later stage. 

It would seem desirable, therefore, to restrict the term “ promoter 
action ” to the beneficial effect produced in a catalytic agent by ad- 
mixture with a relatively small quantity of a material, inert or of 
negligible catalytic activity in the reaction in question. The higher 
activity obtained by using several catalysts mixed, over that obtained 
when they are employed separately, would then be a case of co- 
activation At the other extreme, the disposition of an active 
catalyst on a relatively large quantity of an inert or practically inert 
support material may be regarded as the production of a supported 
catalyst. It is very evident that the three classes will merge together, 
and no decisive line of demarcation between them can be drawn. It 
may be found also that the basis of the enhanced activity produced in 
all three types of product may, in certain cases, be the same. In other 
cases a marked differentiation of mechanism will be established. 

Examples of promoter action. — Ipatiew appears to have been 
among the first to record in detail promoter action in a heterogeneous 
system. He found ^ that in the presence of copper oxide, and in a 
copper tube, amylene was only one-third converted into isopentane 

^ Austr. P. 45/2938, 1895. 2 225183/1896. 

3 Gladstone and Tribe, Froc. Foy. Soc., 1872, 20, 218 ; J. Chem. Soc.^ 1872, 25, 461 ; 1873, 
26, 445, 453, 678, 961 ; 1874, 27, 208, 406, 615 ; 1875, 28, 508 ; 1876, 30, 37 ; 1877, 31, 561 ; 
1878, 33, 139, 306 ; 1879, 35, 107, 172, 567 j Williams, Arialyst, 1881, 6, 36 ; Ulsoh, Zeitach. 
anal. Ghem.^ 1891, 30, 175 ; Thorpe and Ecoles, J. Chem. Soc.^ 1873, 26, 541 ; Bothamley 
and Thompson, J. Chem, Soc., 1888, 53, 164 j Muller and Wegelin. mv.',-?. Clf-.m., 1911, 

50, 615; Harcourt, J. Ghent. Soc., 1862, 15, 385; 1863, 16, 289; r)(;vardji, Ciif.m. Zeit., 
1892, 16, 1952. 

^ J. Chem. Soc., 1899, 75, 893; 1907, 79, 1111. 


® Ber., 1910, 43, 3387. 
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by bydrogen at 200 atmos. at, a temperature of 300° C. in twenty-eight 
hours ; with copper oxide in an iron tube complete conversion was 
effected in twelve hours under the same conditions. The same relation 
holds also for the hydrogenation of tetrahydrobenzene, tetrahydro- 
toluene, pinene, and carvene. 

Ipatiew also records ^ an interesting case in which a hydrogenation 
and dehydration catalyst appear each to activate the other when used 
together to carry out a reaction which ordinarily would involve several 
successive steps. He found that camphor was hydrogenated in presence 
of nickel oxide at 320°-350° 0,, yielding borneol. This in turn could 
be dehydrated by alumina at 350°-360° C., yielding camphene, which 
• could then be easily hydrogenated at 240°, C. to give camphene. By 
using a mixture of nickel oxide and alumina in presence of hydrogen 
the complete reaction could be effected at a temperature of 200° C. or 
less. Similarly, fenchone may be hydrogenated at 240° 0. to give 
fenchenol, which, however, can only be dehydrated with difficulty. 
In presence of a mixed nickel oxide-alumina catalyst, a hydrogenation- 
dehydration process readily, occurs at 215° C., yielding fenchane from 
the original fenchone. 

The extraordinary increase in the light emissivity of thoria incan- 
descent mantles when admixed with 0*9 per cent of ceria has been 
utilised, as is well known, in the technical development of the Welsbach 
incandescent mantle. A recent research ^ has established that a 
maximum in the efficiency of catalytic oxidation of electrolytic gas 
mixtures occurs at the same concentration of ceria in thoria. Upon 
this basis, it seems reasonable to as^^ume that the mantle is a catalyst 
for the oxidation of illuminating gas, the ceria playing the role of 
promoter, more rapid combustion and a higher temperature of the 
mantle being thereby attained. 

In the catalytic oxidation of ammonia, Maxted has obtained^ 
curves indicating the relative efficiencies of iron alone and admixed 
with other metals as promoters. Bismuth, tungsten, and copper 
enhanced the yield of nitric acid with a given time of contact. Lead, 
manganese, and calcium diminished the yield. These observations 
are the basis of patent claims by Maxted and Eidsdale ^ for catalysts 
for ammonia oxidation. 

The Harger-Terry patent ^ for the preferential catalytic combustion 
of carbon monoxide and oxygen in presence of hydrogen claimed, in 
addition to simple oxide catalysts, the use of promoted oxide catalysts. 
An iron catalyst containing 2-5 per cent chromium oxide and 0*5 per 
cent cerium oxide was found to be superior to an iron oxide catalyst, 
and operated more efficiently at considerably lower temperatures. 
The catalytic oxidation of carbon monoxide in air at room temperatures 

1 J5cr., 1910, 43, 3387. 2 J. Chem. Soc„ 1924, 125, 780. 

3 J. Soc. Chem. Ind., 1917, 36. 777. * B.P. 10781/1916 ; 126083/1916. 

® B.P. 127609/1917. 
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can be acMeved by mixed oxide catalysts,^ of wbicb the most notable 
is “ Hopcalite ”, a mixtnrb. of 60 per cent manganese dioxide with 
40 per cent copper oxide. This case is of especial interest since it has 
attracted considerable experimental study with a view to elucidation 
of the mechanism whereby the mixed catalyst is more efficient than 
either singly. This work is discussed in detail in the next section. 

The mechanism of promoter action. — One case in which the 
mechanism of promoter action seems definitely to have been ascertained 
is available in the older literature, Elissafofi studied ^ the action of 
glass wool and heavy metal salts on the velocity of decomposition 
of hydrogen peroxide both singly and in conjunction with each other. 
Elissafofi showed that, together, the glass wool and heavy metal salt 
efiected.a much more rapid decomposition of the peroxide than would 
be anticipated on the basis of additive effects. Thus, with a decomposi- 
tion velocity of 0*86 in presence of 0*5 grm. glass wool in 20 c.c. of 
peroxide, and one of 1-63 in presence of 1*54 millimolar solution of 
copper sulphate without glass wool, a solution with the same copper 
sulphate concentration plus 0-5 grm. glass wool in 20 c.c. gave a de- 
composition velocity of 10*8 ; all the velocity units are expressed in 
arbitrary units. The concentration of hydrogen peroxide was 12 
millimolar. In this case at least the. mechanism is apparent. It is 
known that the decomposition of peroxide takes place at the glass 
surfaces. It was probable that the copper salt was concentrated at 
the glass surface and so exercised greater effect. That this was so 
the following observations indicate clearly. The unimolecular constants 
for two copper ion concentrations of 1 and 10 millimols per litre were 
0*0013 and 0*0023 respectively, in the ratio, therefore, of 1 : 1*77. 
The amounts of copper salt adsorbed from these solutions by Jena 
glass powder of the same glass were in the ratio of 1 : 1*73. It is 
apparent that the decomposition velocities are proportional to the 
amounts of adsorbed copper salt. This case is certainly, therefore, a 
reaction velocity at the surface and not a diffusion velocity. Were 
it possible to make adsorption measurements, other modes of de- 
composition of hydrogen peroxide would possibly be found to be of 
the same type. 

Hydrogenation 'processes.— kn informing contribution to the theory 
of promoter action has been made by Medsforth,^ who has studied 
the effect of promoters added to a nickel catalyst in the hydrogenation 
of carbon monoxide and carbon dioxide to jdeld methane. Reasoning 
from the simultaneous production of water in the reaction, the addition 
of catalytic dehydrating agents to the nickel catalyst was made with 
material increase in the attainable reaction velocity for a given con- 
version of the reactants. Ceria, thoria, glucina, chromium oxide, 
alumina, and silica gave an, from seventeenfold to twelvefold, increase 

^ Lamb, Bray, and Brazer, J. Ivd. Eng. Chem., 1920, 12, 217. 

2 Zeitsch. Elektrochem., 1915, 21, 352. 3 ahem. Soc., 1923, 123, 1452. 
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in "Velocity over that obtainable with the straight nickel catalyst. 
Zirconia, molybdenum oxide, and vanadium oxide were somewhat less 
efficient, though still good, promoters. Tin and magnesium oxides, 
copper and silver metals, produced no acceleration over the straight 
nickel. With the carbon dioxide reaction the increases in velocity 
efiected were somewhat less than those recorded for the monoxide 
reaction above. The order of efficiency was exactly the same. The 
order of efficiency is roughly that of oxide catalysts recorded by Sabatier 
in reference to strict dehydration x^rocesses. 

In exx)lanation of the activity of the promoters, Medsforth assumes 
the function of the nickel to be to assist the union of the gases to 
form a “ complex or intermediate compound of the methyl alcohol 
type, probably via formaldehyde. The promoter then functions as a 
catalytic dehydrating agent on the intermediate compound giving 
water and a methylene radical, whence, immediately, methane results. 
The x^romoter assists the known dehydrating action of the nickel. 
This can be schematised thus : 

CO + 2H3 — > HjC . OH — ^ ^CHj + HgO. 

The combined dehydrogenation and dehydration efiected by Ipatiew^ 
with a nickel alumina catalyst, whereby the conversion of camphor 
to isocamphene is efiected at 200*^ C. in one step, is cited as supporting 
evidence. 

Medsforth calls attention to an important feature of promoter 
action which he has noted, that of selective promotion. It would 
appear that when two reactions, both capable of being accelerated, 
take place at the same time in the presence of the same catalyst and 
the same promoter, that which is normally slower is accelerated to a 
greater comparative degree than that which is normally the faster. 
Support for this statement was obtained in the observation that when 
carbon monoxide and steam react in the presence of nickel and nickel 
promoters, whilst carbon dioxide and hydrogen are the main products, 
methane is also formed, the quantity of which is greater when, for 
example, alumina is present than when nickel alone is used. Similarly, 
in the production of methane from carbon monoxide and hydrogen, 
more carbon dioxide is formed as a by-product due to the simultaneously 
occurring water-gas reaction, when promoters are added to the nickel 
catalyst, than if this latter is used alone. 

In discussing the applications of this dehydration hypothesis 
Medsforth reviews several cases of promoter action. For catalysis of 
the water-gas reaction with iron oxide as catalyst, it is significant 
that the promoters among the most efiective are hydrating agents 
and oxygen carriers. The action of ceria-thoria in the incandescent 
mantle may also be in part due to combined oxygen carrier-dehydration 
effectiveness. 

^ J, Buss, Fhys, Chem, Soc,^ 1912, 44, 1695. 
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As a temporary classification of promoters for purposes of discussion 
Medsfortii gives the following : 

(1) The promoter decomposes intermediate compounds formed by 
the catalyst. 

(2) The promoter causes the reacting substances to combine, the 
resulting intermediate compound being decomposed by the catalyst.^ 

(3) The promoter adsorbs or combines with one of the reacting 
substances producing a greater concentration of the latter at the 
catalyst surface. 

The origin of the carbon dioxide in the methanation process has 
been elucidated by Armstrong and Hilditch,^ who have shown that 
when purified water gas is passed over nickel at 200^-300° C. the 
predominating reaction is 2GO + 2H2==C02 + CH4. The reaction is 
regarded as the sum of two reactions : 

C0 + H20 = C02 + H2, 

C02 + 2H2 + 2H2 - CH4 + 2H20, 

the former of which is regarded as occurring in the same manner as the 
reaction in presence of copper previously studied by them,^ namely, via 
formic acid, CO 4- H2 O — ^HCOOH — + COg. With cobalt the re- 
action commences at a lower temperature, 180° C., but the above reaction 
is subsidiary to the main methanation process, C0 + 3H2 = CH4 + Il20. 
Silver is inert, iron almost so, platinum and palladium of minor activity. 
Mixed catalysts were less efficient than the single catalyst. With nickel 
at increasing pressures up to 6 atmospheres the minimum temperature 
of interaction rises. The reaction yielding carbon dioxide and methane 
produces more methane from water gas than any of the other reactions. 
It may, therefore, have value as a means of increasing methane content 
or lowering carbon monoxide content of town’s gas. The authors 
state that COg + Hg goes directly to methane and gives no carbon 
monoxide, so that partial reduction is apparently not taking place. 
This is at variance with some observations made in the laboratories 
of the Munitions Inventions Department in England, during the war, 
where methane prepared from carbon dioxide and hydrogen contained 
a small percentage of carbon monoxide. 

In contrast to the conclusions of Medsforth cited above, Armstrong 
and Hilditch ^ conclude, with regard to the promotion ” of a straight 
hydrogenation process, the simple addition of hydrogen at an un- 
saturated Hnkage, in presence of nickel, alumina, sOica, oxides of iron 
and magnesium being employed as promoters, that the stimulation 
observed can be satisfactorily explained on the basis of increased 
available catalytic surface of the nickel. There is some evidence of 
the removal or adsorption of catalyst poisons (sulphates in the pre- 
cipitated oxides^ or traces of impurities in the oil hydrogenated) ; 

^ Proc. Roy. Soc., 1923, 103a, 25. ^ ^ 192o, 97^, 266. 

® Proc. Roy. Soc., 1923, 103a, 586. 
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but these appear as minor influences compared to the efiect on the 
extent of surface of nickel produced. They have been able to make 
an appreciably less amount of reduced nickel eflect the same amount 
of action whatever the extent of the catalyst in alumina or other 
promoting ” oxide. 

Armstrong and Hilditch ^ showed that the presence of sodium 
carbonate efiectively promotes the hydrogenation of phenol at nickel 
surfaces. About 25 per cent by weight of nickel appears to give 
the maximum eflect. In the presence of carbonate the reaction rate 
is more nearly linear than in the absence of the carbonate. This 
factor suggests that the function of the promoter is a protective one 
to the catalyst, keeping it free of inhibiting impurities. 

Oxidation processes —'E ox the role of ceria in promoting the 
reaction between gases in ceria-thoria catalysed combustions, Swan 
concludes ^ that there are at least two possible explanations : 

(1) The ceria behaves as an oxygen carrier during the combustion 
of the gases. 

(2) The ceria, by increasing the electron emission of the thoria, 
causes a greater ionisation of the gases and more efficient combination. 

This latter explanation could be experimentally tested. 

Adsorption and the mechanism of promoter action. — ^In a research 
on the atomic weights of cobalt and nickel, Baxter investigated ^ the 
occlusion of hydrogen by the reduced metals and reached conclusions 
which are of fundamental importance in the study of catalytic action 
in general and promoter action in particular. Baxter found that 
the finely divided metals obtained by reduction of the oxides in 
hydrogen gas occluded relatively large amounts of the gas. He found 
that the volume of occluded hydrogen varies, in the case of the metal 
reduced from the oxide, with its purity and the temperature of 
reduction. The latter fact is of significance in the general problem of 
adsorption and catalysis, and, as such, has already been discussed in 
a preceding chapter. The former fact, the influence of impurities, 
has a marked bearing on the problem of the mechanism of promoter 
action. Baxter found that ordinary “ chemically pure ” oxide yielded 
a metal on reduction which occluded very considerably more hydrogen 
than oxide which may be designated of “atomic weight purity”. 
Having traced the co-ordination between extent of surface and 
occluding power Baxter concludes that when impurities, for example, 
silica, are present in the oxide, the resulting metal is less compact 
than that obtained by identical treatment from the atomic weight 
purity oxide. In other words, a pure metal sinters more readily 
than a metal obtained by reduction of an oxide containing certain 
impurities. The fact that it is extent of surface which counts, cobalt 
ingots being known to occlude practically no hydrogen, makes it 

^ Proc. Roy. Soc., 1922, 102a, 21. 2 J. Gh&m. Soc., 1924, 125, 784. 

3 Amer. CJiem. .7., 1899, 22, 351. 
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certain that the phenomenon designated by Baxter as occlusion is, 
for the most part, what is now known as surface adsorption of the 
gas. A further fact of significance was Baxter’s observation that 
the metal obtained by reduction of cobalt bromide occluded practically 
no hydrogen, and the presence of sodium bromide had no influence 
on the amount occluded. In other words, not all impurities present 
in the substance undergoing reduction are efiective in promoting 
extension of metal surface. 

Applied to the problem of the mechanism of promoter action, the 
experimental observations of Baxter obtained for quite different 
purposes may be summarised thus : (1) The presence of impurities 
in the materials from which catalytic metals are j)repared may increase 
considerably the extent of adsorbing surface and, therefore, in agree- 
ment with earlier observations in a preceding chapter, may increase 
catalytic activity of the reduced metal; (2) certain impurities, for 
example, silica, are much more eflS.cient than others, for example, 
sodium bromide, in producing extended surface. In these two 
observations we have two factors fundamental to the problem of 
promoter action, actual increase, by an added promoter, of the catalyst 
surface and specificity of promoting agent, the specificity being 
associated with the influence of the added agent on extent and nature 
of surface. Such studies must be multiplied by the student of catalysis 
with dehberate rather than accidental inclusions in the materials studied. 

Two such cases have already been studied, one by Hurst and 
Rideal,^ on adsorption of carbon monoxide and hydrogen, the other 
by Taylor and Russell.^ In the latter work, measurements of adsorption 
by nickel obtained by reduction of the oxide, and of nickel-thoria from 
the oxide containing thoria as a promoter, have been made. Ad- 
sorptions of hydrogen and carbon dioxide were measured, since the 
researches of Medsforth already cited showed that the reactivity of 
these gases was much enhanced by the use of a nickel catalyst promoted 
by thoria. The experimental work shows that no proportionate in- 
crease in adsorption accompanies the activity shown by the promoted 
catalyst. The surface has therefore undergone a qualitative rather than 
a quantitative change. Whereas the promoted catalyst efiects a ten- 
fold increase in velocity over the non-promoted catalyst, the extension 
of surface, as measured by adsorption of either the carbon dioxide or 
the hydrogen at reaction temperature, only undergoes a 20 per cent 
increase, ^ This is in harmony with the view of a composite catalyst 
surface with localised active centres. Even if it be assumed that the 
whole of the nickel surface capable of adsorbing hydrogen were 
catalytically active in the case of the promoted catalyst, it would 
follow that not more than 10-12 per cent of the surface of the unpro- 
moted catalyst surface adsorbing hydrogen would have any catalytic 

^ J. Ch&m. Soc„ 1924, 125, 694-706. 

2 Dissertation, Princeton, 1924; /. Dhys, Ghem., 1926, 29, 1325. 
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activity. Hurst aud Eideal’s results are discussed in tlie succeeding 
section. 

One function of promoter action was suggested in the previous 
edition of this hook (p. 31), in reference to the use of mixed catalysts 
for ammonia synthesis. It led to the conclusion that the original 
iron tended to adsorb or form a loose compound with a greater pro- 
portion of hydrogen to nitrogen than required by the stoichiometric 
ratio. The admixed catalysts, being in the main nitride -forming 
metals, for example molybdenum, would promote a more favourable 
hydrogen-nitrogen ratio. Bancroft extended this idea,^ suggesting 
that the catalytic agent activates one constituent of the reaction 
chiefly and that the promoter activates the other. Some measure 
of activation will be necessary before such a conclusion can be ex- 
perimentally tested. Experimental work on ammonia synthesis 
catalysts has not confirmed this point of view, thus simply outlined, 
but there is still no proved theory of mechanism in the ammonia 
synthesis reaction. 

Interface phenomena and the mechanism of promoter action. — 

There are many places in the chemical literature which exemplify the 
statement that the molecules at the boundary between two phases 
are in a peculiarly labile or active state. Faraday observed that a 
perfect crystal of sodium carbonate or sodium sulphate refuses to 
effloresce until the surface is scratched or broken. He also observed 
that the efflorescence spreads from the injured place. Crystals of 
hydrated cadmium sulphate show this behaviour remarkably well. 
They are readily obtained in large and perfect form, which maintain a 
constant weight in a desiccated space until a boundary between a 
hydrated and a dehydrated phase is established. Langmuir^ ^ has 
shown that, in the dissociation of calcium carbonate by heat, the carbon 
dioxide is produced only at the boundary between the carbonate and 
oxide phases. The dissociation of silver oxide into its elementary 
constituents, studied by G. H. Lewis, ^ is a parallel case, Lewis observing 
that the rate of dissociation increased with increasing production of 
silver. Silver was termed the autocatalyst of the reaction. Ke- 
actions of this type occurring at an interface are necessarily characterised 
by an auto-accelerated reaction rate, since, initially, there is little or no 
interface at which reaction can occur, and, with increasing reaction, 
an ever increasing region of interface is produced. The diflerent 
nature of the dissociation process when such interfaces are not set up 
is well illustrated in the case of mercuric oxide dissociation studied by 
Hulett and G. B. Taylor.^ In this case, at temperatures where dissocia- 
tion becomes marked, the mercury formed, is also vaporised. No 
interface results and, so, no acceleration of the dissociation is obtained. 

^ IS'irsl R&port) OommiU&e on Goniact Catalysis, p. 16, 1922. 

2 J. A^ner. Ghern. Soc., 1916, 38, 2263. ® Zeitsch. phyaiJcal. Ghem,, 1906, 52, 310. ^ 

^ J. Physical Ghem,, 1913, 17, 667. 
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As a result, passage of nitrogen gas for twenty-four hours over pure 
mercuric oxide at 500° C. gave concentrations of oxygen corresponding 
to only a few millimetres pressure, whereas the true equilibrium pressure 
at that temperature was upwards of one atmosphere. When interfaces 
were produced by the addition of foreign substances, iron oxide, 
manganese dioxide, and platinum, true equilibrium pressures were at 
once established, measurable both statically and dynamically. The 
researches of Kendall and Fuchs ^ on the accelerated decomposition of 
silver oxide, mercuric oxide, and barium peroxide in presence of other 
oxides is also illustrative of the efiect produced by the deliberate 
creation of interfaces. 

In a determination of the dissociation pressure of sodium bi- 
carbonate, Lescoeur observed ^ that the development of pressure 
occurs slowly at first, then more quickly towards the end. It has 
seemed to me, moreover, that the final equilibrium was obtained more 
rapidly the more the proportion of dissociated salt increased.’’ These 
observations are again characteristic of interface phenomena and are 
recognised in the technique of dissociation pressure measurements. 
A mixture of dissociating substance and product is normally introduced 
into the apparatus in which such measurements are made. 

More recently, further evidence of interface phenomena in chemical 
decompositions is revealed by additional reaction velocity curves 
autocatalytic in nature. Sieverts and Theberath ^ studied the dissocia- 
tion of silver permanganate and obtained such a reaction process. 
Small amounts of impurities increased the velocity of decomposition. 
Hinshelwood^hereupon promptly called Sieverts’s attention to his own 
work^ upon both inorganic and organic compounds, some cases of 
which are interface phenomena. 

Otto and Fry ® thought that their results showed the decomposition 
of potassium chlorate to be a unimolecular process. Any one can see 
that they are in reality a beautiful example of an auto -accelerated 
process. Iron oxide promotes the decomposition. Recently® they 
have shown that potassium chloride does the same thing. The pre- 
sumption is therefore strong that the process is an interface phenomenon. 
Neville has added to this reaction an interesting case of promoter 
action. Impure pyxolusite was more effective than pure manganese 
dioxide. The pyrolusite contained 8 per cent iron oxide. A mixture 
of 8 per cent iron oxide and 92 per cent pure manganese dioxide had 
the same efficiency as the impure pyrolusite. The action of the mixture 
was more than additive of the effects of the two oxides separately ; 
hence the promoter action, elucidation of the mechanism of which 
was not achieved. It will probably be quite complex. 

^ J. Amer. Ghem. Soc., 1921, 43, 2017. ^ Ann. Chim. 1892, 25, 430. 

^ Z&itscJi. pJiysihal, Ghem.f 1922, 100, 463. 

^ Phil. Mag.j 1920, 40, 569 ; Proc. Roy. Soc., 1921, 99a, 203 ; J. Ohem. Soc., 1921, 118, 721. 

® J. Amer. Qhem. Soc.^ 1923, 45, 1134. ® J. Amer. Cliem. Soc., 1924, 46, 269. 

^ J. Amer. Ghem. Soc., 1923, 45, 2330. 
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Proof that the enhanced reactivity at an interface was not confined 
to decomposition processes, bnt occurred in reactions between solids 
and gases, was forthcoming in a study by Pease and Taylor ^ of the 
reduction of copper oxide at moderately low temperatures by hydrogen. 
It was shown that low temperature reduction of copper oxide granules 
by hydrogen was negligible until copper nuclei had been established 
in the oxide mass. Subsequent reaction is then locahsed at the 
boundaries between the copper and copper oxide, as can be demonstrated 
visually by the ever increasing area of the red copper extending outwards 
from the original nuclei. The form of the curve of reaction rate is 
typical of an auto catalytic process. It evidently finds its explanation 
in the higher order of reactivity of an oxide ion adjacent to a neutral 
atom of copper over that of an oxide ion surrounded on all sides by a 
copper oxide lattice. Jones and Taylor ^ showed further that the low 
temperature reduction of copper oxide by carbon monoxide is also 
an interface phenomenon. Benton and Emmett have recently shown ^ 
that nickelous oxide reduction by hydrogen is of the interface type, 
while reduction of ferric oxide, which is known to form solid solutions 
with the lower oxides, shows a reduction curve which has none of the 
criteria of the interface type. 

Langmuir ^ has pointed out that- the hydration of a completely 
dehydrated substance should show the same auto-acceleration. There 
seems to be qualitative evidence of this in the dehydration of ethyl 
alcohol with “ over-burnt ” Ume. In an experiment at room tempera- 
ture it was found that, for two days, the lumps of lime remained intact 
in the alcohol. On the third day a small amount of powder appeared 
alongside the lumps of lime, while treatment for an additional twenty- 
four hours resulted in the complete disintegration of the lime lumps. 
Taylor noted ^ the reduction of copper oxide by both hydrogen and 
carbon monoxide was very pronouncedly retarded by the presence 
of oxygen in the reducing gas. This is most readily interpreted on the 
assumption that adsorbed oxygen protects the interface from attack 
by the reducing gas. The adsorption of oxygen by copper and by 
copper oxide is known to be small, so that it seems necessary to assume 
increased adsorptive capacity at an interface to account for the protec- 
tive action observed. 

In a study of the acceleration produced by the presence of oxygen 
in the union of hydrogen and sulphur, Norrish and Eideal ® were led 
to formulate a ‘mechanism for the accelerating action observed. The 
surface of the liquid sulphur was assumed to consist mainly of Sg 
molecules, of which a few were opened and thus polarised. Adsorp- 
tion of the gases was assumed to occur at the ends of the ruptured 

^ J. Amer. Ghem. Soc., 1921, 43, 2179 ; see also Larson and Smith, J. Amer. Ghem, Soc., 
1925, 47, 346. 

2 J. Physical Ghem., 1923, 27, 623. ® J. Amer. Ohem. Soc., 1924, 46, 2728. 

^ J. Amer. Ghem. Soc., 1916, 38, 2263. ® J. Franklin Inst., 1922, 197, 23. 

6 J. Ghem. Soc., 1923, 123, 1689. 
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molecule. A strong attraction of tlie oxygen for the sulphur at one 
end of the chain, causing a weakening of the sulphur atom at the other 
end, would result in a more ready combination of such a sulphur atom 
with hydrogen. 

Hurst and Rideal ^ applied the concept of interface activity to 
the problem of promoter' action in processes of selective combustion. 
If a copper catalyst be promoted with small quantities of palladium 
and the ratio carbon monoxide to hydrogen determined for a series of 
such promoted catalysts, one of the following results may be anticipated. 
If the palladium causes no specific efieot beyond a surface extension, 
the ratio CO/Hg consumed will remain unaltered ; alternatively, if 
promoting action is in reality an additive effect, then the CO/H 2 ratio 
will decrease with increasing palladium concentration, and the ratio 
should be capable of accurate calculation from both the known ratios 
of CO/Hg for the copper and the palladium each in the pure state and 
from the stoichiometric composition of the catalyst. If, on the other 
hand, the addition of small quantities of palladium promotes the 
activity of the oxidised copper for carbon monoxide, we should antici- 
pate a higher GO/H 2 ratio for small additions of palladium, rising to a 
maximum with subsequent increase in the palladium concentration, 
and finally faUing to a CO/Hg ratio higher than that for pure palladium 
at those concentrations where addition of copper promotes the palladium. 

Hurst and Rideal found that small quantities of palladium, up to 
1*70 per cent, increase the ratio of CO/Hg burnt at any particular 
temperature in presence of a copper catalyst. A maximum occurs 
on the addition of 0*20 per cent. A promoted catalyst containing 
1*70 per cent of palladium yields the same ratio as pure copper. 
Catalysts containing more than 1*70 per cent palladium yield a lower 
GO/H 2 ratio than copper, but higher than palladium. This increase 
in the ratio of CO/Hg burnt on addition of small amounts of palladium 
is contrary to that which would be expected, as outlined in the pre- ^ 
ceding paragraph, either on the basis of extension of surface or the 
dilution of the catalyst surface with palladium. The result obtained 
is to be anticipated, however, if the reactivity of the oxidised copper 
at junctions such as Cu . Pd is affected. 

To elucidate further the mechanism of the promoter action, Hurst 
and Rideal ^ studied the adsorption of hydrogen and carbon monoxide 
singly and in various mixtures on copper, palladium, and promoted 
catalysts. They conclude that the addition of palladium to copper 
produces an increase in the carbon monoxide adsorption and a decrease 
in the hydrogen adsorption, as well as a relative increase in the carbon 
monoxide of the adsorbed phase in the presence of both gases. The 
relative increase in the adsorption of carbon monoxide was found • 
to be in good agreement with the relative increase in the ratio CO/Hg 
consumed in the catal 5 rtic combustion process. The specificity of 

1 J. Ohem, Soc,, 1924, 125, 685. 2 j ^ 924 ^ 425, 694. 
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the efieot on adsorption produced by the palladium promoter is further 
evidence that the promoter action is not merely due to surface extension 
but involves the further factor of the nature of the interface between 
catalyst and promoter. 

Promoter action and concentration. — It may be anticipated that 
much useful information with regard to the mechanism of promoter 
action and to the nature of catalyst surfaces will result from a knowledge 
of the relationship between extent of promoter action and the con- 
centration of promoter used. As yet, the quantitative evidence 
accumulated on this point is very meagre. Most of the statements 
concerning promoter action by added substances have no information 
which would indicate what the optimum concentration of promoter is 
for the given reaction. 

The . most comprehensive data on this point are contained in the 
contribution of Medsforth^ already discussed. Medsforth studied 
the efficiency of promoter action in the synthesis of methane from 
carbon monoxide and hydrogen with nickel and nickel - promoted 
catalysts spread on pumice support, by ascertaining the. maximum 
speed of gas passage over a given quantity of catalyst at which a 
given degree of conversion coffid be achieved. With nickel catalysts 
alone on pumice the desired conversion was achieved at a speed of 
32-35 c.c. per minute. In the following table are recorded the speeds 
with which the same conversion is attained with various promoted 
nickel catalysts at various concentrations of promoter in the nickel 
catalyst. 

Medsforth concludes that the tabulated results show no relationship 
between the molecular weight of a promoter and its optimum con- 
centration. Some slight tendency, however, can be observed. With 
beryUium oxide the optimum concentration is around 20 per cent. 
With alumina this occurs at 15 per cent. Medsforth calls particular 
attention to the flatness of the curve of speed against promoter con- 
centration once the optimum concentration has been passed. Thus, 
in the case of ceria, the range from 3 to 15 per cent promoter shows 
no variation in permissible speed of gas passage greater than the 
experimental error, although the promoter concentration varies five- 
fold. In discussing tMs feature, Medsforth distinguishes two cases, 
the one in which catalyst and promoter are deposited on a support, 
uniform distribution being assumed, the other in which the catalyst 
is deposited on the promoter. 

As an example of the former, Medsforth discusses a nickel-thoria 
catalyst, with an optimum promoter concentration amounting to 
^10-12 per cent Ni by weight. From the relative weights of nickel 
and thoria, it is calculable that at the optimum concentration the 
surface of the promoter is approximately one-fortieth of the catalyst. 
An additional 1 per cent of thoria only increases the promoter surface 

^ J. Ghem. Soc., 1923, 123. 
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an additional one-four-hundredth. With thoria present equal in 
weight to the weight of nickel the promoter surface is only one-fourth 
to one-fifth of the total. Hence, it may he concluded that around the 
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optimum concentration marked changes in velocity with change in 
concentration of promoter would not be expected. Medsforth’s data 
conform to this cdJtclusion, 

In the case of a catalyst deposited on a promoter the conditions 
are difierent. If it be assumed that 5 grms. of thoria can take up 
on its surface (hi grm. of nickel, the catalyst concentration is 2 per 
cent. A decrease in this concentration from 2 to 1*8 per- cent means 
a change in surface of 10 per cent, so that when the catalyst is deposited 
at the surface of the promoter small changes in concentration of pro- 
moter produce important alterations in reaction velocity. Hurst and 
Rideal's^ case of copper promoted by palladium is in this latter 
category. They found an optimum promoter efiect at 0*2 per cent 
palladium. At a concentration of 1*7 per cent palladium, the catalytic 
activity had fallen to that of the unpromoted copper catalyst. 

The surface conditions in promoted catalysts are obviously complex. 
A very considerable increase in the number of cases studied is much 
to be desired. Not only should the reactivity of the promoted catalyst 
be studied, but determinations of adsorptions on the same samples 
as are used for the activity tests should also be made. The adsorptions 

» J. Chem. Soc., 1924 , 125 , 685 . 
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should reveal more readily the changes in the surface conditions. 
Simplification of the problem would be secured by eliminating all 
support materials^ in such experiments, since they introduce a new 
variable into an already complex problem. Hurst and Eideal made 
one set of adsorption measurements on their promoted copper catalyst, 
which showed the variation in adsorption previously recorded. It is 
to be regretted that similar measurements on the whole series of 
promoted catalysts were not made. If the adsorption measurements 
were coupled with measurements of heat of adsorption, some data 
on the problem of activation by promoters might also be secured. 

The really interesting problem which the study of promoter action 
in its relation to concentration suggests is the reason why such minute 
amounts of promoter efiect such marked changes in activity. Thus, 
in the case studied by Medsforth a concentration of 0*5 per cent ceria 
in the nickel catalyst causes a tenfold increase in reaction rate. 
Assuming uniform distribution of promoter in the catalyst, this 
renresents one molecule of ceria in every 1130 atoms of copper in the 
catalyst surface. This minute change in surface concentration brings 
about a tenfold increase in catalytic activity. This strongly suggests 
that, of the atoms in the surface of a catalyst, very few indeed possess 
marked catalytic activity. Armstrong and Hilditch,^ discussing the 
small amount of toxic material necessary for total suppression of 
catalytic activity, conclude that it is probable that an active catalyst 
is merely an average term expressing a surface on which a number 
of patches of maximum activity occur, the greater part of the surface 
being of perhaps a quite low order of activity. This opinion, based 
upon a study of poisons, is at one with the view put forward here with 
respect to the mechanism of promoter effect in minute concentrations. 
In Chapter VI., in the discussion of poisons, the quantitative evidence 
for this point of view will be detailed.^ 

The mechanism of co-activation. — Conclusions parallel to those 
just recorded as to the mechanism of promotion in hydrogenation 
processes have been reached by several workers in respect to the 
mechanism of co-activation found in the use of mixed oxide catalysts 
in oxidation processes. Extent of adsorption, the nature of the 
adsorbed gases, enhanced activity at interfaces, the removal of im- 
purities by the added agent, and the influence of the admixed substance 
on the rates of several component reactions of the process are all cited 
in the succeeding paragraphs. 

Bray and Almquist^ attribute the activity of a mixture of two 
oxides to an increase in the rate of desorption of reaction products, 


^ Trans. Farad. Boc., 1922, 17, 670. 

^ For a detailed discussion, of the concept of a composite catalytic surface with isolated 

centres of high activity see Bideal, Gonseil Solvay, April T' ■ 7?- Gom- 

miUee on Contact GcUalysis, J. Phys. Ghem., 1926. Also P- ■ *,■>. lO.H . I )5. 

® J. Amer. Ghem. Soc.^ 1923, 45, 2305. 



116 


CATALYSIS IN THEOEY AND PEACTICE ci 

or an increase in the rate of reaction within the film, due to what ma 
be considered a partial chemical reaction between the two oxides, 
neutralisation of the valence forces of each other. 

Whitsell and Erazer ^ conclude that manganese dioxide is the initi< 
cause of oxidation at low temperatures in Hopcalite mixtures. Th 
oxidation process may be catalytic or occur at the expense of the oxid 
oxygen. The purer the catalyst, that is, the freer from adsorbed potasl 
the more rapidly was it able to take up oxygen fast enough to mak 
the process catalytic. This points to a mechanism of alternate oxida 
tioiL and reduction. Too strong ignition of the preparations, eve: 
though alkali~fiee, gave a dense product resembling natural manganes 
dioxide and entirely inactive. Whitsell and Frazer also incline to th 
view that the cupric o:nde in a mixture may cut down adsorbed alka. 
or afiects the way it is held, so that its poisonous efiect is annullec 
They note that pure manganese dioxide and mixtures of this wit. 
copper oxide lose oxygen to the air at room temperatures, and tha 
the activity because of this is greatly increased by the finen^s ^ 
division of the particles. 

Benton ^ attacked the problem of co-activation by studying ad 
sorptions of carbon monoxide (and hydrogen) by various oxides am 
mixtures. He concludes that there are two types of adsorption, 
primary, specific adsorption, chemical in nature, and a secondary! 
physical, or pore adsorption. By comparison of the adsorptions o 
oxygen, carbon monoxide, and carbon dioxide he deduces the relativ 
magnitudes of primary adsorption of the monoxide on various oxide 
and mixtures, and shows that the order of such adsorption is the orde 
of their calalytic activity in oxidation processes. He concludes 
therefore, that primary adsorption of carbon monoxide is the firs 
stage in the catalytic process, and is followed by desorption of carboi 
dioxide. Benton shows that there is no parallelism between secondar 
adsorptions and catalytic activity, and that^ therefore, if total ad 
sorptions measured include both primary and secondary adsorptions 
such total adsorption may give no clue at aU with respect to catalyti 
activity. He concludes that, on sihca and charcoal, adsorptions ar 
largely physical or secondary, with conspicuous exceptions in the cas 
of charcoal with the gases oxygen and chlorine, 

Pbomotee Action and Co-activation in Homogeneous 
Catalytic Eeactions 

The outstanding example of promoter action in homogeneou 
systems is the well-known neutral salt effect in reactions catalysed b] 
the hydrogen ions of strong acids. The inversion of cane sugar, thi 
hydrolysis of esters, the dehydration of hydroxy acids to form lactones 
keto-enol tautomerism, and other reactions catalyticaUy acceleratec 

1 J, Avwr. Chem. Soc„ 1923, 45, 2848. * j qj^ ^ j^g23^ 45^ gg7^ qqq 
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by tbe use of strong acids, all provide this interesting case of promoted 
catalysis. If, in addition to a strong acid, a neutral salt of that acid 
is added to the reaction mixture, it is found that the velocity of reaction 
is increased. As the neutral salt alone has no appreciable catalytic 
effect, the case is one of simple activation or promoter action rather 
than of co-activation. It is beyond the scope of this section to detail 
all the work which has been accomplished or the varied views which 
have been put forward to explain this phenomenon. They will be 
separately treated in subsequent sections of the book. It is desirable, 
however, to point out here that the many attempts which have been 
made to account for the phenomena all have this in common, that 
they attempt to account for the observed acceleration by assumptions, 
for which experimental evidence is also sought, as to the concentration 
of either the catalyst on the reacting species or both. And the belief 
is common to all the investigators concerned that, when these several 
factors shall have been successfully stated, the observed acceleration 
will be found to be consonant with the. ordinary laws of reaction 
kinetics. This attitude of mind might well be adopted by workers in 
all branches of the study, not only of promoter action but also of 
catalysis generally. 

Price ^ studied very thoroughly the interaction of potassium per- 
sulphate and potassium iodide, 

^28203-4- 2K1 = 2K2SO4 -{- 12, 

and the inffuence of catalysts on the same. He found that ferrous 
sulphate was a good catalyst, copper sulphate less efiGicient. Both 
these catalysts accelerated reaction in proportion to their concentra- 
tions in the reaction mixture, but the effect of the two salts together 
was naore than additive. The accelerations observed always exceeded 
those calculated on the assumption that the individual activities 
were additive. Manganese and zinc sulphates, which are themselves 
only slightly active, gave additive results when mixed with copper 
sulphate. With ferrous sulphate, on the contrary, the observed 
acceleration was less than the calculated result. Price was unable to 
give a reason for the catalysis observed or for the co-activation. 

The oxidation of hydriodic acid by hydrogen peroxide in presence 
of iron and copper salts was studied quantitatively by Erode. ^ He 
showed that ferrous sulphate was a very good catalyst, copper sulphate 
a poor accelerant. When together, however, one mol of copper sulphate 
in 100,000 litres was readily manifest. This joint action of the two 
salts had previously been employed by Traube ^ in testing for hydrogen 
peroxide in the presence of acids by means of starch-potassium iodide. 
The iron-copper salt mixture is active in concentrated acid solutions, 
whereas in such solutions iron salts alone are inactive. Neither iron 

^ Zeitsch. physikcU. Ohem., 1893, 27, 474. ® Zeitsch. physikal. Ghem., 1901, 37, 257. 

3 Ber., 1884, 17, 1062. 
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nor copper sulphates increased the catalytic activity of molybdic c 
tungstic acid when used as an additional catalyst in the reactioi 
Molybdic and tungstic acids also behaved additively when used togethei 

Bohnson and Robertson ^ have made a very thorough study c 
the mechanism of this activation of iron salts by copper salts in th 
decomposition of acid solutions of hydrogen peroxide. They fini 
that for a given concentration of iron salt, either sulphate or chloride 
there is a maximum rate of reaction with about one milHmol of adde< 
copper salt per litre. This maximum effective concentration of coppe 
appears to be independent of the concentration of iron salt, Th 
extent of promotion (measured by the promotion factor which is th 
ratio of the maximum rate to the normal rate for iron alone) is in 
dependent of the acid concentration and temperature. The exten 
of promotion is much greater for ferric sulphate than for ferric chloride 
although the maximum rate obtained in each case is the same. Th< 
promotion factors for the two systems approach each other as th< 
concentration of iron approaches zero. . 

As to the mechanism of the promoter action Bohnson and Robertsoi 
conclude that the facts are best explained thus : (a) the iron salt is th< 
primary catalyst by virtue of its ability to form an intermediat( 
compound, probably HgFeO^; ( 6 ) the copper salt is a secondary 
catalyst accelerating both the formation and subsequent decompositior 
of the intermediate product. The effect of the secondary catalyst h 
dependent upon its concentration only for very small quantities, 0 
ma xim um effective concentration being noted. The mechanism of the 
secondary catalysis has not been explained. That the suggestec 
secondary action is real is deduced from the following experiment 
Two equal portions of a solution of barium ferrate in acetic acid were 
allowed to react with equal quantities of hydrogen peroxide. To one 
of the samples a very little copper acetate was added. The oxygen 
was evolved much more rapidly in this than in the one to which no 
copper salt was added. It may be observed that the effect is peculiai 
compounds, since nickel, cadmium, mercury, barium, lead, 
cobalt, zinc, tin, and magnesium salts appear to retard the reaction 
in presence of iron salts. In sulphate systems, silver appears to have 
a slight accelerating effect. This singular behaviour of copper is 
probably sigmficant in the solution of the problem of the secondary 
catalysis. 

Bredig and Brown 2 have found that in the catalytic oxidation of 
amlme by sulphuric acid, according to the equation 

(G 6 H 5 NH 2 ) 2 S 04 + 28112804 — > (NH4)2S04 + 28SO2 + I2OO2 + SHgO, 

copper sdphate and mercurous sulphates are together more active 
than their separate catalytic activities . would suggest. Bredig and 

Amer, Chem, Soc„ 1923 , 45 , 2512 . 2 z^itsek physihal Chem., 1903 , 46 , 502 . 
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Brown consider that a reciprocal oxidation and reduction of copper 
and mercury may be the cause of the unusual results. Only one series 
of data is given in the research. Hence, it is not possible to say 
whether either one of the two is particularly susceptible to activation 
or what relation holds between the acceleration noted and the pro- 
portion of salts present. Further work is needed to elucidate these 
points. The mechanism suggested by the above equation seems also 
to be impossibly complex, although Bredig and Brown say that the 
equation quantitatively represents the course of events in very dilute 
aniline solutions. 

Supported Catalysts 

The form of the catalyst. — In contact catalysis, the form of the 
catalytic agent is of considerable importance. The striking feature 
common to most of the contact catalysts is their porous or finely 
divided structure. Indeed, this structure may be regarded as 
characterising the successful contact agent. In several cases the 
preliminary phase of activation of a catalyst is accompanied by a 
change from a massive form to a finely divided structure. Thus, 
the platinum gauze catalysts used in the oxidation of ammonia by 
air or oxygen at high temperatures change from a smooth, plane- 
surfaced wire to a corrugated material. Similar changes in physical 
form are shown by silver gauze ^ when used for the catalysis of 
hydrogen-oxygen mixtures. The catalytic activity of copper wire 
can be greatly enhanced by submitting it to alternate oxidation and 
reduction of the oxide at successively lower temperatures. In this 
way copper catalysts can be secured which wiU promote oxidation of 
carbon monoxide, admixed with air or oxygen, at a temperature of 
100° 0. The copper wire suffers, in the process, a physical change 
similar to that with platinum and silver. These several methods 
of activation are, in reality, the production o^ supported catalysts. 
The wire core acts as a support material for the active, finely divided 
material produced on the surface by the process of activation. The 
mechanism of the activation ^ is to be ascribed partially to the increase 
in surface area of catalyst ; that is, the adsorption per unit mass of 
catalyst is increased with a resultant increase in reaction per unit 
mass in unit time. The activation, however, also results undoubtedly 
in a change of the nature of the adsorption per unit surface of area. 
The evidence previously cited, and confirmed in a later section in 
the discussion of poisons, that a catalyst surface is in reality a surface 
on which a number of patches of maximum activity occur, the greater 
part of the surface being of low activity, when applied to this problem 
of activation of massive wire catalysts indicates that in the activation 
process the number of positions of maximum activity is markedly 

^ Bone and Wheeler. 

2 Bancroft, First Report, Oommittee on Contact Catalysis, 1922 ; liangmuir, Trans. Farad, 
Soc., 1922, 17, 607 j Taylor, J. Franklin Inst, 1922, 197, 1. 
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increased. The disordered arrangement of metallic atoms produced 
in the activation process is more favourable to the existence of 
such active patches than is the normal crystal-lattice arrangement of 
the atoms in a smooth-stranded wire. Langmuir believes that the 
activation process may also operate favourably to catalysis by 
changing the normal spacing of the atoms to one more favourable 
for the adsorption of the reacting gas molecules in such configurations 
as are conducive to interaction. These several points of view with 
respect to the mechanisiii of activation have only received the beginnings 
of experimental verification. Full experimental confirmation is to be 
desired. 

In the production of active catalytic agents the method of conduct 
of the process fre(iuently yields a supported catalyst without general 
recognition of the fact. Kelber showed^ that nickel oxide per se, 
when reduced at about 300° C., gave a moderately active catalyst, 
but when reduced at 450° C. gave a product of but feeble activity. 
Nickel oxide deposited upon kieselguhr and reduced at 450° C. gave 
a catalyst much more active than the metal catalyst preparedr"^ 
300° C. These conclusions were confirmed by Armstrong and Hilditch,^ 
who showed that a reduction at higher temperatures gives rise to 
coi^iderable shrinkage in the volume of the metal catalyst. This 
shrinkage and loss of catalytic activity is largely suppressed if the 
active material is spread upon an inert support- These facts are 
apparent from the data of the following table. 


Mckel Oxide. 

Reduced Nickel. 

Source 
of Material. 

Density. 



Density. 

Apparent 
Volume 
in C.C. 

Catalytic 

Activity. 

Powdered 
fused oxide . 
Precipitated 
hydroxide . 

Do. 

Oxide on 
Maselguhiv . 

6-96 

5-41 

5-41 

1*63 

0*35 

0-87 

0-87 

3*22 

500° C. 

300° C. 
500° 0. 

500° 0. 

8*14 

7- 85 

8- 18 

1-85 

0*52 

• 0*83 
0-56 

2-67 

None 

Pair 

Very little 

Very active 


„ . ^ <iiscussmg these results, Armstrong and Hilditoh remark that 
it has fre(inently been observed, with unsupported nickel oxide 
that partaaUy reduced oxide is more active than the same when 
completely reduced. Since, as our bulk gravity figures show, there 
m a tendency to contraction when a hght, precipitated oxide is reduced 
It is obvious that a partiaUy reduced oxide will consist of a film of 
ni^el dispersed over the central core of each particle, and it is practicallv 
certain that the superior activity of this product over the fully reduced 


^ Her., 1916, 49, 65, 1868. 


® Proc. Jtoy. Soc., 1921, 96a, 490,. 
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metal is due to its being a ‘ supported ’ catalyst (nickel distributed 
on nickel oxide) and therefore of the same type, although not of the 
same degree of activity, as nickel upon a support such as kieselguhr.” 

The superiority of the catalyst spread upon kieselguhr is to be 
attributed to the nature and extent of distribution of the metal and 
to the fact that the support does not shrink upon heating, its bulk 
determining, almost wholly, the bulk of the final product. The support 
acts as an anchor to the metal deposited upon it and inhibits the 
sintering or crystalKsation which occurs with the unsupported catalyst. 
The occurrence of sintering with the unsupported catalyst is readily 
seen from the data in the previous table at 300° C. and 500° C. for 
the reduction of the hydroxide, the apparent volumes at the- two 
temperatures being 0*83 and 0*56 respectively. This sintering occurs 
with most unsupported catalysts not only at high reduction temperatures 
but also when catalysts prepared by reduction at low temperatures 
are subjected to successively higher temperatures. The sintering is 
roughly characterised by the change in apparent volume. The change 
of adsorptive capacity of the sample is, however, a much more sensitive 
criterion of the occurrence of sintering.^ The extent to which this 
occurs may be illustrated by the following figures ^ on unsupported 
copper and nickel before and after a heat treatment following a reduction ; 


Catalyst. 

Heat Treatment. 

Adsorption of Hydrogen 
at 0® 0. and 760 mm. 

A. 100 gm. active Cu 

No heat beyond reduction of oxide 
at 200° C. 

3*70 c.c. 

B. 

A. Heated to 450° C, for 1-5 hours 

’ 1*15 „ 

C. 27 gm. active Ni 

Obtained by reduction of oxide at 
300° C. 

35 

B. 

0. Heated at 400° C. for 4 hours 

16 „ 


Adsorptive capacity is also a good index of the extent of dis- 
tribution of the metal catalyst on a suitable support material, and 
also of the non-sensitivity of such a supported catalyst to heat treatment. 
Gauger and Taylor^ readily obtained adsorptions amounting to 5 c.c, 
per gram of nickel at 0° 0. and 760 mm. with this catalyst spread 
on diatomite brick. The most highly adsorptive sample of unsupported 
nickel prepared in the same manner showed an adsorption of 1*3 c.c. 
hydrogen per gram of nickel under the same circumstances. There 
is reason to believe that this sample was in reahty a supported 
catalyst, namely, a partially reduced sample, nickel on a nickel oxide 
support. Eurthermore, in contrast to the data on unsupported nickel 
catalysts cited in the previous table, nickel catalysts on diatomite 

^ Taylor, 3rd Report on Cent. Cat., J. Phys, Ghem., 1924. 

2 Pease, J. Amer. Chem. Soc., 1923, 45, 1196, 2235 ; Beebe and Taylor, J. Amer. Chem. 
Soc., 1924, 43, 43. ^ j Boo., 1923, 45, 920. 
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brick could be prepared by reduction at 500^ C., or could be subjected 
to beat treatment at such temperatures^ without loss of adsorptive 
capacity. Pollard ^ found that adsorption measurements could not 
be duplicated satisfactorily with platinum black, as the gases could 
not be pumped of! completely without heating to 300° G., at which 
temperature the platinum sinters to such an extent that the adsorption 
changes very much. Platinised asbestos, however, can be heated to 
400° C. without undergoing any change. 

The increased catalytic activity per unit- mass of catalytic agent 
employed, secured by spreading the catalyst on a support, means 
economy of material in the catalytic operation. It is for this purpose 
that the more expensive contact agents were thus first supported, 
the use of platinised asbestos and platinised magnesium sulphate 
being good examples. At the same time, other desirable properties 
in the catalyst may be secured. If a catalyst material be too fine, 
considerable resistance is offered to the passage of reacting gases, 
and this freQ[uently results in channelling through the contact mass, 
with a corresponding decrease in efiSLciency. The incorporation ofi'tE?' 
catalytic mass upon a suitable support may obviate such difficulties. 
In exothermic catalytic reactions there is the danger that overheating, 
and consequent destruction of the activity, of a catalyst mass may 
occur. Quite recently in such cases use has been made of the metal 
aluminium as catalyst support material, thermal equilibrium in the 
catalyst sptem being thereby facilitated.^ The metal support is 
employed in a granular form, obtained by allowing the molten metal 
to cool slowly in trays, the mass meanwhile being vigorously shaken. 

Support materials and poisons, — Rosenmund and Danger^ have 
shown that the nature of the support material is of importance in 
protecting the catalyst against poisons as well as in infiuencing the 
catalytic activity. With palladium catalysts on various supports the 
influence of arsenious oxide and carbon monoxide as^ poisons was 
studied, in the reduction of cinnamic acid. Edeselgubr-palladium 
catalysts showed the least activity and greatest sensitivity to poisons. 
Blood charcoal gave the most active and most resistant preparations. 
In these two cases activity and resistance run parallel. Barium sulphate 
supports are more active than pumice ; the latter are more active in 
presence of the poisons. The effect of the supports is evidently a 
function of the adsorptive capacity of the support for the poison. It 
acts in these cases as a purification agent in the catalyst system. 

Adsorption of reactants by support materials. — It is possible that 
one of the functions of the support material is to provide the catalyst 
with a reservoir of one or more of the reactants. Thus, R. A. Beebe ^ 

1 J. Phy^, Chem., 1923, 27, 356. 

® Barrett Go., Ed^water, Jf.J. ; Stockholm's Superfosfat Aktiebolaeet, S.P. 1921 

® Her., 1923, 56, 2262. ‘ " 

* Thesis, Princeton University, 1924 ; J, Phys, Ch&m,, 1920, 29, 1326. 
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has shown that asbestos, suitable for use as a support for platinum in 
the production of contact mass for sulphur dioxide oxidation, adsorbs 
0*79, 0-10, and 0*04 c.c. of nitrogen and 53*0, 11*3, and 2*0 c.c. of 
sulphur dioxide per gram at 0°, 1 10°, and 218° C. respectively. Similarly, 
magnesium sulphate was shown to adsorb marked q[uantities of the same 
gases. Diatomite brick, which forms a good support material for the 
cuprous chloride used in the oxidation of hydrogen chloride by the 
Deacon chlorine process, can be shown to adsorb large amounts of 
hydrogen chloride. Eussell ^ has shown that pumice used as a support 
for nickel adsorbs 1*2 c.c. of nitrogen per gram at 110° C., and still 
larger quantities of carbon dioxide. The question as to whether this 
adsorption by the support of one of the reactant gases facilitates the 
progress of the catalytic reaction has still to be decided. More must be 
learned concerning the mechanism and characterisation of activation of 
reacting species. In the meantime the existence of such adsorptive 
capacities by the support materials must be remembered when measure- 
ments of adsorption by contact materials spread upon supports are 
•being made. 

Nature of support materials.— -A variety of substances have been 
employed as support materials. In addition to those already alluded 
to, mention may be made of glass, wool and silica fibres, fibrox, various 
porous siliceous materials such as fireclay, alundum, and unglazed 
porcelain, the various forms of charcoal, anhydrous salts and porous 
oxides obtained by calcination of suitable materials or by dehydration 
of gelations, precipitates or gels. 

Gels as support materials. — Considerable attention has been devoted 
recently to the use of gels as support materials for catalytic agents, and 
some striking results have been indicated. An impetus was given to 
this work by the development of the technical production of silica gel 
adsorbents by Patrick ^ and of base-exchanging silica gel and alumina- 
gels by Wheaton and J. Crosfields.^ Patrick has patented ^ the use of 
impregnated silica gels as catalytic agents, having mentioned specifically 
'the production of platinised silica gels for sulphur dioxide oxidation. 
He has shown also that silica gels impregnated with iron oxide show 
marked efficiency in the oxidation of sulphur dioxide. As an example 
of the preparation of such a gel, Patrick cites the production of an iron 
oxide gel. One hundred c.c. of a 5 per cent ferric chloride solution is 
mixed with 200 c.c. of sodium silicate containing 1 per cent Na 20 . 
After the mixture has set, the gel may be broken up and washed free 
from chlorides without loss of iron. The impregnated ferric oxide may 
be reduced to iron by the action of hydrogen. In place of the silicate, 
an aluminate, stannate, titanate, tungstate, or zirconate may be used. 
The products cited in the patent include silica with iron, copper, or 

^ Thesis, Princeton University, 1924 ; J. Pkya. Chem., 1925, 29, 1325. 

2 B.P. 136543/1919 ; U.S.P. 1297724/1919. 

3 B.P. 177746/1922. ^ B.P. 169508/1921. 
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nickel, siRca and iron oxide witk copper, magnesium, cadmium, zinc, 
and manganese oxides, and silica and alumina ■with copper oxide. 

Reyerson and Patrick ^ have studied metal-impregnated silica gels 
obtained by reducing metals from solutions of their salts by means of 
hydrogen adsorbed in silica gel at —20® G. The metals form a black 
deposit on the gel, and in the case of palladium, platinum, and copper 
marked reaction between hydrogen and ethylene has been obtained 
at room temperatures. 

Choice of support materials. — ^The choice of material to be employed 
is generally determined by processes of experimentation. As witb 
the choice of catalysts generally, no sure guiding principles can be 
laid down. Experience shows, however, that in a great many^ cases 
use of a given catalyst support brings about a serious diminution in 
catalytic efficiency, generally attributed to a functioning of the support 
as a negative catalyst. Obviously, with a catalyst which is poisoned, 
for example, with sulphur, the presence of sulphur in the catalyst 
support is not permissible. The extraordinary sensitivity of certain 
catalysts to minute impurities restricts severely the number of possible-, 
supports. In reactions which are conducted at high temperatures, 
also, the possibility of interaction between catalyst and support 
material must be constantly envisaged. Especially in the case of 
oxide catalysts is this necessary, owing to the ease of combination 
with siliceous materials with formation of non-active silicates. In 
such cases, catalyst supports which are basic in character axe to be 
favoured. The ideal support, therefore, should be a porous material, 
free from impurities negatively catalytic to the contact body, incapable 
of interaction with the catalyst, and, if possible, itself positively 
catalytic, even though feebly so, to the reaction in which it is to be. 
employed. 


Pbotboted Catalysts 

Colloidal catalysts when employed in catalytic reactions often- 
times lose their activity by agglomeration of the colloidal particles. 
The decrement in surface thereby resulting is reflected in a decrease in 
catalytic activity. Such colloidal catalysts may be stabilised by the 
addition of various agents, and the use of such ‘‘ protected colloidal 
catalysts is now standard practice. Paal and Ms co-workers ^ made use 
of a water-soluble protective colloid, the sodium salts of protalbinic 
or lysalbinic acids, to stabilise colloidal platinum and palladium. 
Skita,® who has detailed in a comprehensive manner the literature of 
the subject, employed an acid stable protective colloid such as gum 
arabic. Gelatine and glue have also been employed. 

^ CoUoid Symposium Monograph, p. 119 ; Madison, Wis., 19S3. 

® £er., 1905, 38, 1398, 1406, 2414 ; 1907, 40, 1392, 2201, 2209 ; 1908, 41, 806, 2273, 2282 ; 
1909, 42, 1544, 1553, 2239, 3930; 1913, 46, 1297. 

3 Her., 1911, 44, 2862 ; 1912, 45, 1627. 
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The function of the added agent is to protect the colloid particles 
from agglomeration in the reaction media in which they are placed. 
This is brought about by the presence of the protecting agent on the 
outside of the particles of colloidal catalyst. The stabilisation thereby 
secured is obtained, however, at 'the expense of the catalytic activity. 
This was shown by Groh ^ in the stabilisation of colloidal platinum by 
gelatine. Even small quantities of the gelatine exert a most marked 
retarding influence on the rate at which hydrogen peroxide is decom- 
posed by the platinum, as the following table shows : 


Per cent 
Gelatine. 

Time for Half 
Decomposition. 

Per cent 
Gelatine. 

Time for Half 
Decomposition, 

0-000 

100 

0-06 

620 

0-001 

437 

0-10 

983 

0-01 

460 




The gelatine, however, increases the stability of the colloidal metal 
solution, and tends to prolong its period of actmty by preventing its 
precipitation by electrolytes. 

Eideal ^ studied the protective action of gum arabic on colloidal 
platinum or palladium in the catalytic hydrogenation of phenyl pro- 
pioiic acid. It was found that gum arabic in small amounts increased 
and then in larger amounts decreased the rate of the reduction process 
when the sols were prepared in the presence of the protective agent. 
The increase is to be attributed to an increased dispersion of the colloidal 
metal brought about by the presence of the protecting agent. In 
studying mixed platinum^ and palladium sols, Eideal found that in 
all cases where the sol was prepared from platinum containing small 
quantities of palladium there was a very marked improvement in 
stability and resistance to age over those prepared from the pure salts. 
This suggests the hypothesis that promoters may function in part as 
peptising agents for colloidal catalysts or for catalysts which pass through 
a colloidal stage at some point in their preparation,’’ Bancroft points 
out ® that in addition to the possibility of increased dispersion, it is 
also possible that the reaction may take place more rapidly at the 
interface between the two metals. 

Iredale studied^ the parallelism between the eflect of protective 
colloids on the catalytic decomposition of hydrogen peroxide and 
their efficiency as protective colloids. He found that the stronger a 
substance is as a protective colloid the greater its inhibitory power 
on catalytic activity. The order of inhibitive effect is gelatine and 

^ ZeiUch. ^physilcal. Chem,, 1914, 88, 414; Bancroft, Second Report, J. Phys. Chem., 1923, 
27, 892. 

^ J. Amer. Ghem, Soc., 1920, 42, 749. 

^ Second Report, J. Phys. Ghem., 1923, 27, 894. 

* J. Ghem. Soc., 1921, 119, 109 ; 1922, 121, 1536. 
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glue > egg albumin > gum arabic > sucrose, tbe last appearing not to 
affect the reaction at all. With gelatine the inhibitory effect was 
noticeable with one part of the protective colloid in twenty million 
parts of water. By determining the smallest amounts of different 
protective colloids which perceptibly retard the catal 3 rbic decomposition 
of hydrogen peroxide, Iredale obtained inhibition numbers which he 
then compared with the gold numbers, using gelatine as standard. 
The inhibition numbers for gelatine, egg albumin, dextrine, and starch 
were found to be 100, 20, and 0*33, while the gold numbers were corre- 
spondingly 100, 20, 0*66, and 0*40. Iredale therefore concluded that 
the inhibition number may be defined as the percentage of protective 
colloid, which is just insufiicient to inhibit catalytic action. The ratios 
of these numbers for different protective colloids are of the same order 
of magnitude as the ratios of the gold numbers. 

Rocosolano^ found a similar relationship between the inhibitory 
action of gelatine and gum arabic. With sodium lysalhate the rate 
of decomposition of hydrogen peroxide in presence of coUoidal platinum 
decreases to a minimum with increasing concentration of protective 
colloid, but passes through a minimum and then increases. This 
latter effect is to be attributed to the alkalinity of the protective 
colloid, which overcomes the inhibitory effect. 

Bancroft ^ concludes that the essential difference between the 
“ supported ’’ and the protected ’’ catalyst is that in the former 
the platinum is ou the outside of the asbestos, whereas the gelatine is 
on the outside of the platinum in the latter. 

^ Cojnpt. rend., 1921, 173, 44, 234. 

^ CoUoidal Behaviour, p. 274 (McGraw-Hill, 1924). 


CHAPTER VI 


CATALYST POISONS AND TKE INHIBITION OP HOMOGENEOUS 
CHEMICAL REACTIONS 

^HE phenomenon of poisoning ’’ is limited to contact catalytic 
eactions. The term “ poisoning ” was originally given to the reduction 
a activity of contact catalytic agents which is brought about by the 
resence of substances foreign to the reaction under study and present 
a. relatively small amounts. The use of the term has been extended, 
nd it is now recognised that poisoning to various degrees may occur, 
equiring relatively small or large amounts of a foreign substance, 
nd, also, that even the reacting species or the resulting products may 
' poison ” the reaction at the catalyst surface, slowing down the rate 
,t which the process takes place. 

The attention of the scientist to the phenomenon dates almost 
rom the earliest studies of catalysis, as has been indicated in the 
istorical introduction. Dobereiner’s platinum sickened ” with use, 
Faraday investigated “ some very extraordinary interferences ” with 
he catalytic combination of hydrogen and oxygen in contact with 
)latinum. Turner and Henry gave much attention to the phenomenon, 
nd out of their researches developed methods of preferential catalytic 
ombustion. The parallelism existing between the inhibition of 
ontact catalysts and of enzymes probably led to the extended use of 
he term poisoning ’’ for the phenomenon. 

The occurrence of poisoning in technical catalytic processes has 
)een a determining factor' in the industrial apphcation of catalysis. 
Che transfer of a catalytic process, -perfectly practicable on the 
aboratory scale with pprified materials, to the stage of technical 
)roduction, in which materials of the same degree of purity are less 
easily obtained, is very frequently the central problem, determining 
iltimate success or failure. The early patent to Phillips on the 
)xidation of sulphur dioxide in presence of platinum only attained 
commercial exploitation when the problem of the removal of arsenical 
tnd other poisons from the sulphur gases was attained. All earher 
commercial efforts to secure the catalytic production of sulphur 
rioxide failed, owing to poisons in the reacting gases. Volatile sihcon 
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compounds lead to the poisoning of platinum in the ammonia oxidation 
process. Traces of sulphur compounds present in the reacting gases 
are poisonous in the ammonia synthesis reaction and in hydrogenation 
processeSj with the normal catalysts for these operations. Oxides of 
sulphur and arsenic impair the activity of cuprous chloride catalysts 
in the Deacon chlorine process. 

Glassification. — Poisons may be either permanent or transitory. 
Thus the silicon compounds present in the ammonia-air mixture and 
in the oxidation of ammonia in contact with platinum gauze are 
oxidised to silica, which is deposited in part on the gauze and destroys 
its activity by covering up the platinum surface. The poisoning is 
permanent. Dust may also be included in the category of permanent 
poisons. Hydrogen sulphide and sulphur compounds transform an 
iron catalyst in ammonia synthesis and a nickel catalyst in hydro- 
genation processes to the corresponding sulphides, whose catalytic 
activity is negligible. The efiect of the sulphur is cumulative and non- 
reversible, and it is necessary to regenerate a catalyst so poisoned by 
suitable means. In the case of an icon catalyst poisoned by sulphur, 
it is necessary to oxidise the sulphide completely to the oxide and 
then regenerate the metal by reduction. All cases of permanent 
poisoning require such a renewal of the contact mass before original 
activity is regained. 

Transitory poisons are those which are only elective so long as 
they are present in the reacting system. After the removal of the 
hannful constituent from the reactants, provided the action has not 
been too prolonged, the original activity of the catalyst is restored. 
Earaday found that the inhibitory action of carbon monoxide on the 
platinum catalysis of hydrogen and oxygen only lasted so long as 
carbon monoxide is present in the reacting gases. Water vapour is a 
transitory poison in ammonia synthesis in presence of an iron catalyst, 
at a reaction temperature of 500^ C. Low conversion efficiencies are 
obtained when the drying of the nitrogen-hydrogen mixture is in- 
complete. But the original activity is restored when thoroughly 
dried gases are turned into the reaction system. 

It should be noted that the classification is dependent both on the 
catalyst and the reaction. A poison may he both transitory or per- 
manent according to the catalyst used. In the case of ammonia 
synthesis, using uranium carbide (which changes to nitride with use) 
as catalyst, water vapour, oxygen, and carbon monoxide are permanent 
poisons. They convert t£e nitride to an irreducible uranium oxide, 
catal;^ically inert. It is this factor that has militated against the 
technical use of the otherwise very excellent uranium compound as 
a catalyst in ammonia synthesis. As already mentioned, water vapour 
is a transitory poison in ammonia synthesis with an iron catalyst. 
Furthermore, it is probable also that water vapour is the real poison 
in the case of oxygen and carbon monoxide poisoning in ammonia 
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sjntliesis in presence of iron, since both these gases uncfergb'Tquantitativa-^---^ 
transformation to water vapour and to methane and water Tapourg, , i; 

respectively under the conditions of the synthetic process. . ■ : 

The mechanism of poisoning. — It is now generally agreed that the 
inhibition of reaction produced by poisons is to be ascribed always | 

to the diminution of the active catalyst surface by the poison. The ; 

reduction in surface may be mechanical and permanent, as in the 
illustrations of permanent poisoning aheady given. The^ reduction 
may also be temporary, and in this case it is brought about by 1 

preferential adsorption of the poison on the catalyst surface. Experi- 
mental data to illustrate this explanation of temporary poisoning ' 

have long been available, but it is only recently that the full realisation 
of their significance has been attained. Bancroft ^ has been especially 
instrumental in securing this recognition. His correlation of the 
literature has been supplemented by experimental data designed to 
give this point of view a quantitative basis. * ! 

Faraday’s observation ^ that “ the very power which causes the 
combination of oxygen and hydrogen is competent under the usual 
casual exposure of platina, to condense extraneous matters upon its 
surface, which, soiling it, take away for the time its power of combining [ 

oxygen and hydrogen, by preventing their contact with it ”, was 
extended by Henry. ^ He recognised that the presence of the reaction 
product might slow up the rate of reaction. He proved this by showing 
that the reaction rate between carbon monoxide and oxygen in 
contact with platinum was accelerated if the carbon dioxide produced 
was continuously removed from the reaction system by adsorption 
with caustic potash. Schbnbein ^ pointed out that the hydrides of ; 

sulphur, selenium, tellurium, phosphorus, arsenic, and antimony were ' 

all active in retarding the reaction between air and hydrogen or ether ■ 

in the presence of platinum. He was of the opinion that the inhibition s 

was due to the formation of a film over the platinum, probably solid, ? 

not that of a gas film. This is not a necessary conclusion, as we now 
know that preferential adsorption may be strong, even of gases in 
minute concentrations, and an adsorbed gas film is just as elective j 

in covering an active catalyst surface as a solid film. Maxted has [ 

shown, ^ however, that platinum or padadium-may decompose hydrogen 
sulphide, the sulphur remaining on the surface, so that Schonbein’s f: 

reasoning may be correct in certain cases. * !, 

Bredig’s studies ^ of the analogy between colloidal metals and f 

enzymes showed that the activity of coUoidal platinum in the decom- ' 

position of hydrogen peroxide could be inhibited by minute amounts 

^ J. Physical GhenUy 1917, 21, 767; First and Second Beports, Gommiitee on Contact 
Catalysis, 1922, 1923. 

^ Experimental Researches, 353. ^ Phil. Mag., 1836 [3J, 9, 324. 

^ J. pr. Ghem., 1843, 29, 238. ® J. Ghem. Soc., 1919, 115, 1050. 

fi ZeiUch. physikal. Ghem., 1899, 31, 258 ; 1901, 37, 1, 323 ; Ber., 1904, 37, 798 ; Zeitsch. 

Elektrochem., 1908, 14, 51. 
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of foreign substances just as the function of enz 3 nnes in the same 
reaction could he similarly suppressed. Bancroft has compiled the 
following table relative to the elfect of minute concentrations of 
substances as poisons in the decomposition of hydrogen peroxide by 
means of platinum and by hsemase, the active enzyme of the red blood 
corpuscles. In the second and third columns of, the table are given the 
molar concentrations at which the poisons reduce the rate of decom- 
position to approximately one-half of the rate in absence of the poison. 


Poison. 

Colloidal Platinum. 

Hsemase. 

H,S 

M/300,000 

M/1,000,000 

HCN ..... 

M/20,000,000 

M/Z,000,000 

HgCb 

il;2,000,000 

M/ 2 , 000,000 

HgBr, 

. . 

M/300,000 

Hg(CNh .... 

M/200,000 

M/300,000 

Ig in KI .... 

M/ 3 , 000,000 

M/50,000 

NHgOH . HCI . . . 

M/25,000 

M/80,000 

. . . 


M/20,000 

L . . . : 

1 m/5,o66 

M/400 



j M/50 

No poisonmg at M/2,000 

CO 

I Very poisonous 

No poisoning 

Hca 

M/3,000 

M/100,000 

NH 4 C 1 

M/200 

M/1,000 

NHO 3 ..... 

No poisoning 

M/250,000 




M/50,000 

KN 03 


M/40,000 

KC 103 ..... 

Slight poisoning (?) 

M/40,000 


There is an undoubted parallelism between the two cases ; since 
adsorption is specific, however, it is easy to understand that the same 
substances should not necessarily poison both platinum and hsemase ; 
since, also, the extent of adsorption at a given concentration varies 
with the adsorbent, a given concentration of poison should not 
necessarily poison them both to the same extent. 

The investigations of Meyerhof ^ on the “ narcotic ” action of 
alcohols and urethanes in the catalytic decomposition of hydrogen 
peroxide by platinum may also be cited in reference to the adsorption 
view. Ultramicroscopic evidence showed that the addition of the 
narcotics did not cause an agglomeration of the colloidal particles, 
and therefore the decreased rate of decomposition is not attributable 
to such cause. Meyerhof considers it probable that a surface film of 
the poison is formed over the catalytic agent, which prevents contact 
•oi the reacting substances with the catalyst. The retardation caused 
by alcohols and urethanes in the action of invertase on sugar is also 
attributed by Meyerhof ^ to displacement of the sugar from the surface 


^ Pjlug&r^a 1914, 157, 307. 

® Pfiuger^s Archiv, 1914, 157, 251. 
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of the colloidal invertase. Cases of agglomeration of colloidal particles 
are, however, not unknown, as was pointed out by Bredig. ^ 

The researches of Bodenstein and his co-workers on the kinetics 
of heterogeneous gas reactions demonstrated conclusively that both 
the reaction products and one or other of the reactants could act as 
poisons to the catalyst in the reaction. Fink’s work with Bodenstein 
on the mechanism of sulphur dioxide oxidation ^ in contact with 
platinum established kineticaliy, as well as by experimental measure- 
ment of adsorption, that the sulphur trioxide produced inhibited the 
reaction by reason of its strong condensation on the surface of the 
platinum. This observation was incorporated in the Bodenstein- 
Fink theory of gas reactions at catalytic surfaces. The reaction 
velocity was assumed to be determined by the rate of diffusion of the 
reactant gases through a film of adsorbed resultant, which film was 
assumed to vary in thickness with the partial pressure of such resultant. 
Langmuir has shown, ^ however, that the kinetic data may receive a 
different explanation. If only unimolecular layers of adsorbed gas 
are possible — and Fink’s measurements indicate the essential correct- 
ness of this view — ^jdie reaction rate is conditioned by the fraction of 
the surface which is bare of the strongly adsorbed gas under the 
experimental conditions. The strongly adsorbed gas may be one of 
the reactants, as the work of Bodenstein and Ohlmer ^ on the 
combination of carbon monoxide and oxygen in contact with quartz 
glass indicates. In this case, carbon monoxide is a poison to its own 
reaction. The experimental data are successfully interpreted by 
Langmuir in a manner analogous to that obtaining with sulphur 
trioxide. Bodenstein and Fink assumed that the surface of the glass 
was covered with an adsorbed layer of carbon monoxide of a thickness 
proportional to the pressure of the gas! By then assuming that the 
oxygen has to diffuse through the layer of carbon monoxide before 
coming into contact with the quartz glass where it reacts with the 
monoxide, it was possible to explain the fact that the reaction rate was 
proportional to the oxygen pressure and inversely proportional to the 
pr^ure of carbon monoxide. This naturally involves an assumption 
that the quartz glass is capable of adsorbing the gas in films many 
molecules deep. Bodenstein and Fink did not measure the adsorption 
of quartz glass for carbon monoxide. Some unpublished measure- 
ments by Benton indicate that the adsorption of this gas on quartz 
glass ground to almost colloidal dimensions is abnormally small, so 
small that the Bodenstein-Fink assumption is very improbable indeed. 
Even Langmuir’s assumption that the surface is nearly covered with a 
layer one molecule deep seems to require some modification, namely, 
that only those portions of the quartz surface which are catalytically 
active are nearly covered with carbon monoxide. This would mean 

^ Zeitsch. physikal. Cheni.^ 1899, 31, 332, 2 Zeiisch. pht/sikaL Ghem., 1907, 60, 1. 

® J. Armr. Ghem. >Sfoc., 1916, 38, 2286. ^ Zeitsch. physikal Ghem., 1905, 53, 166. 



132 


CATALYSIS m THEOEY AND PEACTICE 


CH. 


that the “ elementary spaces of the surface are not all catalytically 
active. Langmuir’s method of treatment would then be restricted to 
the “ elementary catalytic spaces Further evidence for this idea 
of elementary catalytic spaces ’’ will be given in a succeeding section, 
when more quantitative evidence will be brought forward. 

It is of interest to record that Bodenstein and Ohlmer showed that, 
in contact with crystalline quartz, the reaction between carbon monoxide 
and oxygen follows the ordinary stoichiometric equation. This result 
really requires further experimental test, as it involves a most interest- 
ing phenomenon. The carbon monoxide is apparently a poison with 
the fused quartz glass and not a poison with the crystalline variety of 
the same molecular species. 

Adsorption by poisoned catalysts. — A number of isolated observa- 
tions occur in the older literature concerning the influence of poisons 
on the adsorption, more generally designated the occlusive power, of 
catalytic agents. Berliner showed ^ that traces of fatty vapours from 
the air or from the grease on the stopcocks will decrease the occlusion 
of hydrogen by palladium from about nine hundred volumes to nothing. 
Mond, Eamsay, and Shields^ showed that mercury vapour had the 
same action. Fink ^ demonstrated sulphur trioxide adsorption, but 
did not determine the adsorption of other constituents in its presence. 
Paal and Steger ^ showed that mercury vapour cuts down the adsorption 
of palladium hydrosol for hydrogen and decreases the catalytic activity 
towards oxy-hydrogen gas. 

The most complete experimental study of adsorption in presence 
and absence of poisons has been carried out by Maxted,® who has 
demonstrated definitely the parallelism between the action of poisons 
on adsorption and on catalytic activity; The occlusive power of 
palladium for hydrogen in the presence of occluded hydrogen sulphide 
was shown to vary linearly with the content of inhibitant. The 
decrease in activity caused by the poisons, lead, mercury, zinc, sulphur, 
and arsenic, is directly proportional to the concentration of inhibitant 
from zero concentration in platinum up to that producing practically 
complete inactivity. The presence of lead decreases both the hydrogen 
adsorption by, and the catalytic activity of palladium. The amount 
of lead, as poison, required to reduce the catalytic activity to one-half, 
is very much less than that which reduces the occlusive power to one- 
half its original value. This may be explained by the fact that while 
occlusion is not confined to the surface, catalysis is mainly a surface 
phenomenon. It will be shown, however, that this observation, 
repeated with metals which show Httle or no occlusion such as palladium 
shows, leads to very interesting conclusions concerning the nature of 

1 Wied. Ann., 1S88, 35, 903. s ZeUsck phyaiJcaX. Ghem., 1898, 25, 657. 

s Loc. cif. ^ Ber., 1918, 51, 1743. 

® J. Chem. Soc., 1919, 115, 1050 ; 1920, 117, 1280, 1501 1 1921, 119, 225, 1280 ; 1922, 
121, 1760. 



VI 


CATALYST POISONS 


133 


catalyst surfaces and tlieir reactivity. Maxted also studied the 
catalysis of hydrogen peroxide decomposition by platinum in solutions 
containing mercuric chloride, mercuric nitrate, and lead acetate. The 
curve obtained by plotting the catalytic activity of the platinum 
against the poison content is approximately linear until at least 70 
per cent of the original acti\dty has been suppressed. Preliminary 
experiments on adsorption indicated that inhibitants such as cata- 
Ijrtically poisonous metals, in dilute solutions, are adsorbed strongly by 
platinum catalysts ; but the adsorption is incomplete, except probably 
in the presence of relatively large concentrations of catalyst. This 
result has recently been quantitatively confirmed by Maxted.^ It is 
worthy of note that arsenic, in the form of sodium arsenate, has a very 
low toxicity to platinum, whereas, in the form of arsine, it has a high 
activity as an inhibitant. This distinction was earlier noted by Bredig, 
It is a result which is entirely explicable on the basis of the newer 
theories with respect to the electronic configurations of arsine and 
arsenates. 

Langmuir ^ showed that carbon monoxide was adsorbed tenaciously 
by platinum at room temperatures, and that at a temperature below 
450° K. it should be impossible, in any reasonable time, to remove an 
adsorbed film of carbon monoxide merely by pumping ofi the gas 
with a good vacuum pump.^ Taylor and Burns ^ confirmed this con- 
clusion, working with platinum black, and found that it was necessary 
fco burn the gas ofi with oxygen and then remove the excess oxygen 
with hydrogen. The hydrogen could then be removed by heating in 
1 vacuum. When platinum black was not subjected to this treatment 
ifter having been exposed to carbon monoxide, but was merely 
evacuated at 110° C., a subsequent measurement of hydrogen adsorp- 
tion showed three volumes at 25° C., whereas the true value on a clean 
surface was 6*85 volumes. This is a decrease of approximately 60 
per cent. In an analogous way the adsorption of carbon monoxide 
tself at 110° C, declined from 19*2 volumes on a clean surface to 7*3 
volumes when the surface had been exposed previously to carbon 
nonoxide and then only evacuated. This would indicate that it is 
)ossible to render only about 40 per cent of the platinum surface free 
rom carbon monoxide by heating the vessel to 110° C. in a vacuum 
d 0*002 mm. for a moderate period of time. This tenacity with 
rhich carbon monoxide is held and the diminished adsorption thereby 
uoduced is a convincing demonstration of the cause of inhibition 
Loted by Harbeck and Lunge ® when carbon monoxide was present in 
he hydrogenation of ethylene. 

Taylor and Burns’ catalyst was undoubtedly contaminated with 
bopcock grease and was not readily susceptible to exact adsorption 

1 J. Chem. Soc,, 1925, 127, 73. 2 J. Amer. Chem. Soc., 1918, 40, 1398. 

® Tmn^. Farc$d, Soc., 1922, 17, 641. ^ J. Amer, OJiem. JSoc., 1921, 43, 1283. 

® Zeitsch. aiuyrg, Qhem., 1898, 16, 50. 
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measurements, since, if heated above 110° C., coalescence of the 
platinum black occurred. Pollard^ obtained their results even more 
strikingly. "With platinised asbestos kejit very clean from grease, he 
obtained one hundred and sLvty volumes of hydrogen adsorbed per 
volume of platinum. On introducing carbon monoxide, the hydrogen 
adsorption dropped to about seven volumes, which is practically 
negligible under the conditions of the experiment. 

By studying the influence of poisons on the adsorptive capacity 
and catalytic activity of copper, Pease ^ avoided Maxted’s difficulties 
with palladium, with which metal both surface phenomena, solution 
and compound formation with hydrogen may occur. Pease admitted 
mercury to a copper catalyst on which measurements were made both 
of adsorption and catalytic activity before and after poisoning. About 
20 c.c. of mercury vapour (measured at 0° C. and 760 mm.) were 
admitted to the copper, which was then heated to 200° C. for one 
half-hour and evacuated. After cooling, the mercury had disappeared 
and the catalyst was unchanged in appearance. The adsorptions at 
380 mm, pressure of hydrogen and ethylene, respectively, were found 
to be 3*25 c.c. and 8*55 c.c. before poisoning and 0*15 c.c. and 6*70 c.c. 
after poisoning. The rate of reaction was reduced to about one-half 
per cent of its value before poisoning. This reduction in rate is achieved 
with a reduction of hydrogen adsorption to about one-twentieth of its 
former value. The ethylene adsorption was only moderately diminished. 
This experimental evidence is conclusive in one respect. It indicates 
that the reactivity is not exactly proportional to the extent of the 
adsorbed gas. In other words, not all the adsorbed gas is . rendered 
catalytically active in the process of adsorption. 

Pease^s subsequent work^ has abundantly confirmed these con- 
clusions and amplified them. Carbon monoxide, which is strongly 
adsorbed by copper, is a marked poison for the reaction between 
ethylene and hydrogen. By snecessively reducing the quantities of 
carbon monoxide introduced into the reaction system, Pease has shown 
that the carbon monoxide molecules required to render the reaction 
negligible under the conditions of the experiment are markedly less 
than the number of hydrogen molecules capable of being adsorbed by 
the copper catalyst. This seems to be quantitative evidence that 
only a fraction of the surface which is capable of adsorbing the hydrogen 
is capable of activating it sufficiently to promote reaction. It is 
apparently quantitative confirmation of a suggestion of Armstrong 
and ECilditch ^ and Rideal,^ that an active catalyst is merely an average 
term expressing a surface on which a number of patches of maximum 

1 J, Physical Chem., 1923, 27, 370. 

2 J. Amer. Chem. Soc., 1923, 45, 1196, 2235. 

* Amer. Chem. Soc., Spring Meetingi^ 1924 j Pease ajid Stewart, J. Amer, Chem. 8oc., 
1925, 47, 1235. 

* Trans. Farad. Soc., 1922, 17, 670. 


5 J, Chem. Soc., 1922, 121, 314. 
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activity occur, the greater part of the surface being of quite a low 
order of activity. 

The experiments of Maxted ^ on the poisoning of coUoidal palladium 
for the hydrogenation of oleic acid had two similar conclusions. The 
falling off in catalytic activity on the addition of lead is found to be 
in direct proportion to the amount of lead adsorbed, over a wide 
range corresponding with the poisoning of the patches of maximum 
activity. Hydrogenation proceeds at a much slower rate on the less 
active portions to which the lead may be caused to adhere, but less 
strongly than on the active patches, thus necessitating a larger con- 
centration of lead salt in solution. More detailed study of these cases 
is needed, and examples should be multiplied. It would be desirable 
to have not only data on adsorptions of the gases at various partial 
pressures, but also adsorptions of the gases from mixtures. 

The work of Pease further indicates that from the study of poisons 
more may be learned with respect to the mechanism of activation 
and of adsorption. The work with mercury poisoning of the copper 
catalyst showed that the poisoning effect was most marked on the 
hydrogen and negligibly so on the ethylene. This indicates that 
reaction velocity is primarily dependent on the activation of the 
hydrogen. As the physical characteristics of the gas would suggest 
also, the slight influence of mercury poisoning on the ethylene adsorption 
tends to show that the adsorbed ethylene is largely present in condensed 
Aims, not in surface-unimolecular gas film complexes. 

Progressive poisoning. — If a catalyst surface is composed of patches 
of varying activity it is evident that progressive poisoning of the 
surface ought to be attainable. With small amounts of a suitable 
poison the more highly activating centres of the surface wiU be rendered 
inactive. A reaction requiring high catal 3 d}ic activity would cease after 
such poisoning, but one not requiring so active a catalyst might pro- 
ceed. This phenomenon seems to have been realised in several cases. 

One such case has been studied by Vavon and Husson^ with the 
dehberate object of establishing the existence of progressive poisoning. 
The poisoning studied was that of platinum black by carbon disulphide. 
The authors showed that 5 grams of acetophenone in alcohol containing 
0*2 gram of platinum fixed 25 c.c. of hydrogen on the average in 
six minutes. After the addition of 0*4 mg. of carbon disulphide no 
adsorption of hydrogen occurred. If, however, 1 gram of cyclohexene 
was then added to the solution, hydrogen was again taken up, 25 c.c. 
being fixed on the average in 4 minutes. In a second example a 
three-stage process of progressive poisoning was obtained. Hive grms. 
of propyl ketone in 50 c.c. of glacial acetic acid containing 3 grms. of 
platinum showed a hydrogen adsorption of 25 c.c. in 4 minutes. 
The addition of 2*3 mg. of carbon disulphide stopped the adsorption. 
If 2 grms. of piperonal were now added to the solution, hydrogen 

^ J. CheTTL Soc.y 1920, 117, 1801 ; 1921, 119, 1280. ^ QompL rend., 1922, 175, 277. 
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absorption again commenced at a rate of 25 c.c. in 3-5 minutes. The 
further addition of 1*4 mg. of carbon disulphide again caused the 
hydrogen absorption to cease. The catalyst was still capable of some 
hydrogenation, for when 2 grms. of nitrobenzene were added to the 
solution the absorption of hydrogen again commenced, 25 c.c. being 
taken up on the average in 1*75 minutes. From this it may be concluded 
that nitrobenzene is readily reduced with practically inert catalysts. 
Propyl ketone needs an active catalyst. 

This behaviour is very reminiscent of the observations of Sabatier ^ 
with reference to hydrogenation of the benzene nucleus with nickel. 
Sabatier showed that it required an active nickel catalyst, prepared 
by reduction at low temperatures, to effect the hydrogenation of the 
benzene nucleus. On the other hand, less active catalysts, prepared 
at higher reduction temperatures, while incapable of effecting the 
hydrogenation of the benzene nucleus, were nevertheless quite useful 
and efficient in the hydrogenation of the single ethylenic bond. The 
work of Gauger and Taylor,^ already cited, showed that the higher 
temperature of reduction resulted in a catalyst of lower adsorptive 
capacity for hydrogen than one obtained by low temperature reduction. 
The effect of heat treatment of a catalyst is, therefore, quite analogous 
to the effect of poisoning. Pease confirmed this with experiments 
both on the reaction velocity of hydrogenation and the adsorptive 
capacity of copper for the gases hydrogen and ethylene. Pease writes : 
** In the course of the experiments on the catalytic combination of 
ethylene and hydrogen, the effect on both catal 3 rtic activity and 
adsorptive capacity of partially deactivating a copper catalyst by 
heating it to 450° in a vacuum was determined. The effect of de- 
activating this sample of copper by heating was in a general way 
similar to the effect of deactivating the sample by poisoning it with 
mercury. The curves have been moved over toward the pressure 
axis to nearly parallel positions, at the higher pressures at least. 
The heating has, however, decreased the hydrogen a^orption relatively 
less than the poisoning and the ethylene adsorption relatively more. 
Thus, at one atmosphere, the decrease in hydrogen adsorption amounts 
to 70 per cent, while the decrease in ethylene adsorption amounts to 
22 per cent. These are to be compared with decrease of 92 per cent 
for hydrogen and 14 per cent for ethylene, caused by mercury poisoning. 
The absolute decreases at one atmosphere are 2*60 for hydrogen and 
1*95 for ethylene. It will be seen that these figures are much more 
nearly of the same order than in the case of copper poisoned with 
mercury. 

The decrease in catalytic activity in the ethylene-hydrogen 
combination accompanying these decreases in adsorption amounted 
to 85 per cent. Just as in the case of the poisoning by mercury, one 

^ Cakdysu in Organic Chemistry, Sabatier, translated by Beid (Van Nosfcrand, 1923), 

2 J, Amer, Chem, 8oc., 1923 , 45 , 920 . 
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must go to very low pressures to find a corresponding decrease in 
adsorption, indicating tliat it is tlie strong (low pressure) adsorption 
wMcii is mainly responsible for catalytic activity.” 

Beneficial poisoning. — Since partial poisoning may be secured, it 
is evidently possible that use may be made of it to achieve certain 
reactions whilst obviating others. A very obvious application is in 
the case where a catalytic process proceeds too far with an active 
catalyst. By minimising the activity of such a catalyst or poisoning 
the more highly reactive patches with the requisite poison, the reaction 
may be stopped at the desired stage. Many investigations into the 
conditions necessary to secure a good yield of a desired product may, 
in reality, be unconscious applications of this procedure of beneficial 
poisoning. An example suggestive of this may be quoted. 

Armstrong and Hilditch ^ have shown that in the catalytic de- 
hydrogenation of ethyl alcohol in the presence of copper, the presence 
of water in the alcohol improves the yield of acetaldehyde relative to 
that of hydrogen. Thus, at 300° C., whereas anhydrous alcohol only 
gave an aldehyde-hydrogen ratio of 67 per cent, alcohol containing 
8 per cent water gave a 95 per cent ratio. With the anhydrous 
alcohol, there is a marked increase in the yield of gaseous products, 
principally methane, carbon monoxide, and carbon dioxide, in addition 
fco the hydrogen. It is evident that, with the anhydrous alcohol, 
secondary decomposition of aldehyde is much more pronounced than 
writh alcohol containing water. Thus, methane and carbon monoxide 
result from one such secondary decomposition : 

CH3CHO— >CH4+C0. 

Evidently the water acts as a beneficial poison in that it poisons the 
catalyst for such secondary decompositions, which apparently require 
i larger energy of activation, in all probability as a result of strong 
preferential adsorption on the catalyst surface. Armstrong and 
BQlditch showed, by passing aldehyde vapour together with water 
)ver a copper catalyst, that the water had a considerable protective 
nfiuence on the aldehyde. 

The dehydrogenation of alcohol in the presence of nickel occurs 
it lower temperatures than in the presence of copper, but the secondary 
lecomposition is very high. The data of Armstrong and Hilditch show 
;hat dehydrogenation occurred at 250° G. The aldehyde-hydrogen 
utio was only 35-7 per c^nt and the evolved gas contained 60 per cent 
lydrogen, 20 per cent carbon monoxide, and 15-17 per cent methane. 
Evidently, in this case, the 8 per cent of water in the alcohol used was 
lot sufiS-cient to protect the aldehyde produced. It would be interesting 
o extend this study of dehydrogenation with nickel in the presence of 
mtex to see whether the secondary decomposition could be largely 
uppressed by increase of water content in the alcohol, since the low 

^ Proc. Boy. Soc., 1920, 97a, 262. 
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yields obtained with copper at the higher temperatures could be 
partially restored by such an increase in water content. 

Palmer’s study ^ of this same reaction in the presence of a copper 
catalyst indicates that alcohol itself plays the same role as the water 
in the experiments already cited. He showed that, below 300"^ C., 
the secondary products were negligible when the dehydration of alcohol 
occurs ; but, if a mixture of acetaldehyde and hydrogen is passed over 
the copper catalyst between 250^ and 300° Cl, much of the aldehyde 
is decomposed. Bancroft has suggested ^ that such cases might be 
called protective poisoning ’I 

The same procedure was used during the years 1917-1919 for the 
production of ethylene from alcohol in presence of kaolin. Instead of 
a low temperature process, the reaction was conducted at red heat 
and the products were protected from decomposition by using alcohol- 
water mixtures, even though the process was dehydration. 

The researches of Rosenmund, Zetsche, and Heise ^ have shown that 
partial poisoning may be used to attain new organic preparations and 
to manipulate a given reaction to yield various desired end products. 
Thus, if benzoyl chloride is dissolved in pure benzene and then reduced 
by hydrogen in presence of colloidal palladium, practically no benz- 
aldehyde is produced. If, instead of pure benzene, ordinary benzene be 
used, a good yield of benzaldehyde is obtained. This indicates the 
presence in ordinary benzene of a substance or substances which 
poisons the reduction of benzaldehyde to benzyl alcohol. That the 
poisoning is due to the sulphur compounds in ordinary benzene seems 
probable from the fact that additions of sulphurised organic compounds 
to pure benzene produced like effects. Quinoline, quinoline heated 
with sulphur giving an impure thioquinanthrene, purified thio- 
quinanthrene, xanthone, and dimethylaniline were aU employed as 
beneficial poisons. Thus, the addition of 1 mg. of thioquinanthrene 
to a system containing 2 grms. of benzoyl chloride and 0^7 grm. of 
palladium in 10 c.c. of xylene, gave a yield of 78 per cent of benzaldehyde 
when reduction was carried out at 150° C. Impure thioquinanthrene 
under the same circumstances gave a 90 per cent yield. If, instead 
of the sulphurised quinoline, 0*1 grm. of distilled quinoline was added 
to the xylene, practically no benzaldehyde was obtained, reduction to 
the benzyl alcohol stage occurring. The addition of xanthone to the 
reaction mixture promotes reaction between unchanged benzoyl 
chloride and benzyl alcohol with the formation of benzyl benzoate. 
This ester is the principal product when toluene is used as solvent 
in place of xylene. In toluene, reduction of benzyl benzoate by 
hydrogen to toluene and benzoic acid does not readily occur, whereas, 
in xylene, this further reduction occurs freely. Thus, with palladium 
partially poisoned in a variety of ways, the reduction of benzoyl chloride 

^ Proc. Roy. Soc., 1920, 98a, 13. ® First Report^ Committee on Contact Catalysis. 

3 5er., 1921, 54, 425, 638, 1092, 2033, 2038. 
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by hydrogen may be directed to jidd, in the main, one or other of the 
substances benzaldehyde, benzyl alcohol, benzyl benzoate, dibenzyl 
ether, or toluene, the product obtained being determined by the nature 
and amount of the added substance. 

Zetsche has extended the work to the catalytic dehydrogenation 
of alcohols, with accompanying oxidation of the hydrogen produced, 
by passage of air through the solution. With copper as a catalyst, 
the yield of benzaldehyde from benzyl alcohol dissolved in cymene 
is increased when quinoline is added to the solution. Addition of 
nitrobenzene still further increases the yield. There is a possibility 
that in this case there is a coupled catalytic reaction, dehydrogenation 
of the alcohol and reduction of the nitro-compound. Nickel and silver 
as catalysts are also more efficient when quinoline is present, but, with 
these metals, benzyl ether and resins are produced. Much more 
detailed study of these cases is needed before a complete understanding 
of the particular mechanisms can be attained. 

The vapour phase dehydrogenation of methyl alcohol to yield 
formaldehyde is probably also an additional case in which beneficial 
poisoning may occur. As is well known there is a considerable tendency 
for the formaldehyde produced to undergo secondary decomposition 
to carbon monoxide and hydrogen. Low yields are frequent in the 
technical operation. Steam may in this case be used as a protective 
poison. 

Rate of adsorption and poisoning, — In catalytic gas reactions the 
normal time of contact of the flowing gases with the catalytic material 
is of short duration. Thus, in the case of ammonia oxidation with a 
platinum gauze catalyst, the time of contact is of the order of a 
hundredth of a second. With such brief periods of contact it is 
evident that any decrease in the rate of adsorption wiU have a corre- 
sponding efiect on the velocity of reaction.^ It is well known that 
the attainment of equilibrium in adsorption from a mixture of gases 
is markedly longer than from a single gas. It is evident, therefore, 
that the effect of catalyst poisons may be due in part to a reduction 
in the velocity with which adsorption of the reacting substances occurs. 
No experimental data on this point are available, but certain figures 
in connection with charcoal adsorptions give the idea some support, 
Harned ^ has shown that the rate of adsorption of chloropicrin by a 
charcoal the surface of which has heeu cleaned by washing with 
chloropicrin, is much greater in the initial stages of adsorption than is 
the case mth a charcoal which has not been so cleaned, although the 
final equilibrium is apparently about the same in the two cases. Patrick 
and his co-workers® have shown that the hysteresis shown in the 
adsorption curves of gases on silica gel is to be attributed to the influence 

^ Taylor, Trans, Amer. Electrochem, Soc., 1919, 36, 149. 

“ J. Amer. Chem. Soc., 1920, 42, 372. 

® J. Amer. Chem. Soc., 1920, 42, 946 ; J. Physical Ohem., 1925, 29, 601. 
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of gaseous impurities on the velocity of adsorption of the gases being 
studied. 

Poisoning and poison concentration. — The data of Maxted, already 
cited (p. 133), show a linear proportionality over a considerable range 
for gaseous poisons adsorbed on the catalysts from gases containing 
small amounts of gaseous poison. These results are readily under- 
standable, since, for very low gas pressures, the adsorption of a gas is 
essentially proportional to the gas pressure. 

In those cases in which the poison concentration attains much 
higher values such simple relations will not hold. Thus, in the 
experiments of Bodenstein and Fink, the velocity of sulphur trioxide 
formation from sulphur dioxide and oxygen varies inversely as the 
square root of the sulphur trioxide concentration. In the reaction of 
carbon monoxide-air mixtures at quartz surfaces the reaction velocity 
is inversely proportional to the carbon monoxide concentration. 
Langmuir has shown ^ that special considerations as to the spaces 
occupied on the surface by the several gases may be adduced to 
indicate the observed reaction mechanism. In general, the reaction 
mechanism is determined by the distribution of the reactants and 
poisons between the gas phase and the surface layer of the contact 
mass. This distribution will be by no means constant as to the 
distribution of the poison with wide variations in the reactant con- 
centrations. Hence, a varying reaction kinetics for one and the same 
reaction at different stages of the process in presence of a poison can 
be anticipated. The data of Bodenstein and his co-workers on the 
kinetics of heterogeneous reactions give abundant illustrations of this 
fact. The distribution between the gas phase and the surface may 
also be influenced by the nature of the surface, its concentration of 
active patches. This leads to the intriguing possibility that, by 
suitable preparation of the catalyst surface, the deleterious eflect of 
poisons may be minimised, a restilt which would have considerable 
technical importance. 

Poisoning and temperature. — ^Since temporary poisoning is generally 
due to adsorption on the surface of the catalyst, and since adsorption 
is, in general, an exothermic process, it is evident that, with rise in 
temperature, the fraction of the surface which is covered with poison 
at any given partial pressure of the poison will decrease. The catalytic 
efficiency of the surface wiU therefore increase at a greater rate than is 
the case if no poisoning is present. For, in addition to the normal 
increase in reaction velocity with temperature, there will be the increase 
due to increase in available surface. The temperature coefficient of 
a catalytic reaction poisoned by a temporary poison will, therefore, 
be larger than that of the normal catal^ic reaction.. This point has 
been indicated by W. C. McC. Lewis.^ It holds true whether the 
resultants of the reaction or a body foreign to the reaction is the 

^ J. Amer, Chem. 8oc., 1916 , 38 , 2263 . ® J. ChertL Soc., 1919 , 155 , 182 . 
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Doisoning constituent, provided the poisoning is attributable to a 
reversible adsorption. If one of the reactants is responsible for the 
Doisoning efiect, the variation of reaction velocity with temperature 
vill depend on the extent to which the surface is covered with the 
‘eactant poison. With the active surface almost completely covered 
vith this poison a high temperature coefficient will result. As the 
:emperature rises and the surface covered by poison becomes less and 
ess, the conditions will change towards a state in which the adsorbed 
>oison behaves more and more as an ordinary constituent of the reaction 
)rocess — ^it ceases to be a poison. 

There are few quantitative measurements which can be cited in 
upport of these observations ; there are, however, numerous qualitative 
bservations which substantiate the conclusions. Thus, the inhibitory 
afluence of water vapour, oxygen, and carbon monoxide on the 
ynthesis of ammonia from its elements in contact with iron catalysts 
lecomes progressively less important as the temperature rises. 
)ougherty and Taylor ^ showed that the poisoning effect of carbon 
lonoxide on the vapour phase hydrogenation of benzene in presence 
f nickel was pronounced at 100° C., but became less effective as the 
smperature was raised. 

Permanent poisons, since they completely destroy the catalytic 
ctivity of the surface they cover, do not produce any abnormality 
i the temperature coefficient. Their effect is to decrease the extent 
E surface, to a degree independent of the temperature of operation 
E the catalyst. 

Poisoning and apparent equilibria. — ^Bancroft has pointed out ^ 
lat, in the case of a reaction poisoned by one of the products, the 
pparent equilibrium attained wiU depend on the quantity of catalytic 
yent employed. If there is a large excess of catalytic agent, the 
jaction will run to an end or true equilibrium before the catalyst is 
itirely poisoned. If, on the other hand, there is only a small amount 
; catal^^ic agent it will very soon be poisoned and we shall have an 
)parent equilibrium reached from only one side, which wiU vary with 
le amount of catalyst used. As an example of such a case, Bancroft 
tes the work of Neilson^ on the splitting of salicin and amygdalin 
7 platinum black. In the former case the salicylic acid produced, 
id, in the latter case, the hydrocyanic acid produced, are toxic to the 
atinum. If means were taien to ensure removal of the hydrocyanic 
dd formed, Neilson foimd that the splitting of the amygdalin proceeded 
rther than in the absence of such precautions. 

This effect of poisons on equilibrium should be quite marked with 
:zyme catalysts. In such cases there is the possibility that not only 
[sorption of poisons may occur but also agglomeration of the enzymes 

^ /. Physical Ghem.f 1923 , 27 , 548 . 

^ First Report, QommiUee on Gontact Gaiety sis, 1922 . 

® Am&r. J. Physiol., 1906 , 15 , 148 , 
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as a result of the action of reaction products. Apjiarent equilibria will 
result dependent on the amount of enzyme used. This has already 
been observed,^ 


The Inhibition of Homogeneous Chemical Reactions 

Catalysis is concerned, in the main, with the acceleration of re- 
actions occurring with diminution of free energy. The catalyst may be 
distributed molecularly in a homogeneous reaction system or it may be 
an interface in a heterogeneous system. In the latter case, the catalytic 
efficiency of the surfaces may, as we have shown, be diminished by the 
effect of poisons concentrated thereon. In homogeneous systems, 
where the catalyst is molecularly dispersed, a retardation suffered by 
the reaction system is not usually regarded as a case of poisoning, 
though the effect produced may, as we shall see, involve a mechanism 
very similar to that involved in the poisoning of an active centre in a 
heterogeneously distributed catalyst. It has been usual to characterise 
such cases of retardation in homogeneous reactions by the term 

negative catalysis For several reasons the term is not very 
suitable and it seems preferable to group the many phenomena included 
in the study under the more inclusive title, inhibition of homogeneous 
chemical reactions. 

Catalytic reactions occur when the change from an initial set of 
reactants to a final set of resultants occurs more readily in presence 
of the catalyst than in its absence. In homogeneous systems it has 
been shown that this necessarily involves, some association between 
reactants (A) and catalyst (C), whereby the products (B) result more 
readily from the associated complex or compound (A : C) than from 
the reactants (A) alone. The case strictly parallel to this involving 
retardation, implies an association between A and G such that the pro- 
duct B is less readily produced. If the association assumed involved a 
very considerable diminution in the active mass of A, it is evident that 
a retardation would result. It is evident, however, that this is by no 
means the only way in which retardation of reaction may occur. If 
the reaction A to B be catalysed by the presence of a powerful catalyst 
X, then the addition of anjrthing which will decrease the concentration 
of X in the reacting system will effect a retardation of the observed 
reaction process. It has been shown also in the discussion of the energy 
of activation of chemical processes (Chapter III.) that the possibility 
exists of the energy produced by chemical reaction being transferred 
in some manner or other to reactant molecules, thereby activating them 
and causing a sequence or chain of reactions. Any substance, added 
to a reaction system in which such a chain mechanism is possible, 

^ Tammann, Zeitsch. physihal. Ghem., 1895, 18, 426 ; Kastle and Loevenharfc, Amcr. Ch&rrky 
J., 1900, 24, 491 ,* Bancroft^ J. Physical Chem..^ 1918, 22, 39. 
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and causing the length of the chains which occur to he shortened, will 
effect a retardation of the reaction velocity. It is with a variety of 
retarded chemical processes, involving one or other mechanism such 
as those just outlined, that the present section on the inhibition of 
homogeneous chemical reactions will deal. 

Historical. — Though less assiduously studied, examples of inhibition 
have been recognised almost as long as examples of catalytic acceleration. 
Thenard,’- in his investigations of hydrogen peroxide, found both catalysts 
and inhibitors for the decomposition of this substance. He showed that 
the peroxide was stable in acids, but underwent rapid thermal de- 
composition in presence of alkalis. The inhibitory power of oxygen 
on the photochemical combination of hydrogen and chlorine was early 
ascertained and received quantitative study in the classical researches 
of Bunsen and Roscoe.^ It will be shown that this is one of many 
such inhibitions of photochemical processes, including the inhibition 
of the photochemical decomposition of hydrogen peroxide. The study 
of reaction kinetics in the early days of the development of physical 
chemistry provided numerous examples of inhibition susceptible to 
quantitative study. The influence, on the hydrolytic activity of weak 
icids, of neutral salts having a common anion was a very striking 
example of the inhibition of a catalysed reaction. The researches of 
iliiller ^ on the inhibitory power of hydrobromic acid in the hydrolytic 
iecomposition of bromo-succinic acid provided a good example of auto- 
nhibition or auto-retardation. The researches of Bigelow^ on the 
nhibitory power of such substances as mannite, benzaldehyde, and 
)enzyl alcohol on the rate of oxidation of sodium sulphite solutions 
)y dissolved oxygen initiated quantitative investigations of the 
nhibitory power displayed in a wide variety of autoxidation processes. 

.t is in the prevention of autoxidation and in the preservation of 
lydrogen peroxide that the principal technical applications of inhibition 
Lave been made. Water has been shown to function as inhibitor in a 
Lumber of reactions occurring in non-aqueous solvents. Bredig and 
iichty® investigated the retarded decoiliposition of oxahc acid in 
oncentrated sulphuric acid solutions when minute amounts of water 
re added. Water similarly inhibits the conversion of acetophenoxime 
0 acetandide in sulphuric acid solutions,® and also the decomposition 
f triethyl sulphine bromide ^ in acetone and acetic acid solutions, 
he most important example, however, of the inhibitory power of 
'■ater is in its action on the esterification of organic acids in alcoholic 
Dlutions, as investigated by Goldschmidt and his co-workers ® and by 

^ Chitn. Phys.j 1818, 9, 314. 

^ Ann., 1855, 96 ; 1857, 100 ; 1857, 101 ; 1859, 108. 

® phytiiPaJ. GJuim., 1902, 41, 483, ^ Zeitsch. physihal. Ohem,, 1893, 12 329 

® Zdiach. Elehrochf.m., 1906, 12, 450 ; J. Physical GUm., 1907, 11, 266. 

® Lobry de Brayn aad Siniter, Proc. Ahid. Weimschap Amst, 1904, 6, 773. 

^ F. Halbaji, Zeiisch. physiM. Ghem., 1909. 67, 129. 

, » P^r., 1895, 28, 3218; 1906, 39, 711 ; Zdtsch. Blekbrochcm., 1906, 12, 432. 
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Lapworth and his studeutsA In the decomposition of diazo-esters in 
alcohol,^ water is also an inhibitor. 

Classification. — It is difficult, in the absence of any well-defined 
body of scientific opinion as to the precise mechanism of inhibitory 
action, to adopt a completely satisfactory classification of inhibited 
reactions. Tentatively, however, it seems desirable to base a system 
of classification on the several mechanisms which have already been 
offered in explanation of the phenomena, and to discuss the more 
important individual examples of each type in some detail. The 
inhibited reactions may be discussed under the foU owing headings : 

(<x) Eeactions inhibited by reduction of the concentration of a 
positive catalyst. 

(b) Eeactions inhibited by reduction of the concentration of a 

reacting constituent. 

(c) Eeactions inhibited by diminution of a chain of reactions in 

which activating energy is produced. 

It will not be possible in every case to assign a given inhibition 
with certainty to one or other of these classes. Other classes of 
inhibition may also be required. Experimental work is needed before 
such can be accompHshed. 

Eeactions inhibited by reduction of the concentration of a positive 
catalyst — This class was formerly the most important class of inhibited 
reactions. It was definitely established by the work of Titoff ^ on the 
rate of oxidation of sodium sulphite solutions by dissolved oxygen. 
Bigelow ^ and Young ^ had shown that a bewildering variety of chemical 
agents diminished the rate of oxidation of such substances. Titoff 
was able to show that the presence of extremely minute amounts of 
foreign substances, for example 10"^^ molar copper sulphate, was 
sufficient to produce a perceptible acceleration of the rate of oxidation 
of such solutions. Luther is credited by Titoff with the conclusion, 
from a quantitative study made by the latter, that the function of 
the inhibitor was to suppress these powerful positive catalysts and so 
retard reaction. Titoff found that the rate of reaction was inversely 
proportional to the concentration of inhibitor, I. He attributed this to 
the formation with the catalyst, C, of an inert complex, IC, whence, 
by the law of mass action, for the process : 



The square brackets denote concentrations, and K is the mass action 

^ J. CJmm, Soc,, 1908, 93, 2167, 2187. 

~ Biredig and Frantel, ZeUsch. physikal, Ch&m.i 1907, 60, 202. 

® Zeii&ih. ^ysihd. Chern,, 1903, 45, 641. 

^ Zeii^. phyaihal. Chem,^ 1898, 36, 493. 

® J. Amer. Chem. Soc,^ 1901, 23, 119, 450 ; 1902, 24, 297. 
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constant. If the measured rate of reaction be proportional to [C] it 

rici 

will also be proportional to and, therefore, inversely as [I] so 


long as [C] is small compared with [I], or, alternatively, so long as the 
concentration of complex [10] is relatively large, for then [IC] can be 
regarded as constant. 

Titoff found in the enormous sensitivity of reactions to minute 
amounts of accelerating catalysts a ready explanation for the extremely 
small amounts of inhibitors which were found, in the studies of Bigelow, 
Young, and Titoff, to be adequate for the inhibition of reaction. 
Titofi’s explanation became, consequently, the most quoted explana- 
tion of inhibition. While it is undoubtedly true that such a mechanism 
will yield the observed inhibitory reaction, it is also certain that 
Tit off's explanation may not be the only reason for inhibitory action 
even in the particular case of sodium sulphite oxidation ; nor is it the 
only explanation for the minute amounts of inhibitor required. It 
will be shown in other sections that further possibilities exist. Such 
possibilities might even be forecast from the variety of inhibitors found 
for the reaction. On Titoff’s view, one would be compelled to assume 
a very varied series of complexes between the active catalyst, say the 
copper ion, and the inhibitors studied. 

The inhibitory power of water in the esterification of acids in 
alcoholic solutions and in the decomposition of diazo-esters in alcoholic 
solutions, as well as the well-known action of neutral salts of weak 
organic acids on the hydrolysis of esters in aqueous solutions in presence 
of the corresponding weak organic acids, probably all represent complex 
cases of the Titoff type of inhibition. In these reactions the hydrogen 
ion, in one or other form, either non-hydrated (Lap worth) or alcoholated 
(Goldschmidt), is a positive catalyst for the reaction. The changes in 
ionisation and in the extent of hydration or solvation due to the 
addition of the inhibitor are the complex factors in these cases. They 
are dealt with in detail in appropriate sections of this book.^ 

The inhibitory power of water on the decomposition of oxalic acid 
in concentrated sulphuric acid solutions ^ and on the conversion of 
acetophenoxi me to acetanilide ^ in the same solvent, may also be 
attributed to the removal of a positive catalyst, in this case sulphur 
trioxide, from the solution by interaction with the added water. The 
former of these two cases has been particularly well examined from 
the standpoint of reaction kinetics. This mechanism of inhibition is 
in agreement with the observation that when 0*05 per cent of water 
is added at 25° C. the time required to secure the decomposition of 
oxalic acid increases to over sixfold of that required when no water 
has been added, and that when the amoimt of water reaches 0*1 per 


^ See p. 160 et ^q. 

® Bcedig and lichty, Zdtsch, Bl&ktrochem.y 1906, 12, 460 ; J. Physical Oh&m., 1907, 11, 255, 
® Lobry de Brnyn and Sluiter, Proc. Akad. WeteTischap Amst., 1907, 6, 773. 
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cent tLe time is increased nineteenfold. It is also in agreement with 
the inflnence of temperature on the inhibitory power, this decreasing 
as the temperature rises, and is also in agreement with the abnormal 
temperature coefficient of the reaction, 4*42 at 25° C. and 3*35 in the 
interval 70°-80° C. This high coefficient is to be attributed to the 
joint operation of two factors, the increase of the concentration of 
SO 3 catalyst with increase of temperature and the ordinary increase 
in efficiency of the catalyst with temperature. Bredig and Lichty 
showed that alkali sulphates also retard the decomposition. Since 
these form double compounds with sulphuric acid they would also tend 
to suppress sulphur trioxide in the acid solution. 

All ^ of these facts are in agreement with the assumption that the 
inhibition is attributable to compound formation between activated 
molecules of sulphuric acid and the water molecules as an alternative 
reaction to compound formation between the active sulphuric acid 
molecules and oxalic acid, which may be regarded as the preliminary 
stage in the oxalic acid decomposition. The alkali sulphate would 
behave similarly. Making use of compound formation as a criterion 
of inhibitory power, Taylor foimd ^ that acetic acid and dimethyl 
pyrone both behaved as inhibitors of oxalic acid decomposition. If 
this mechanism were the correct one, the inhibitions would fall among 
those in which the reactant rather than the catalyst was removed by 
the inhibitor. That the function of the water might be the removal 
of catalytic sulphur trioxide appears more probable to Christiansen,^ 
who points out that it is supported by the observation that decompose 
tion of oxalic acid is very rapid in sulphuric acid to which sulphur 
trioxide has been added. 

A recent research by Whitford ^ on the decomposition of malic 
acid in sulphuric acid solutions, and a comparison of the results obtained 
with the earlier work of Lichty on oxalic acid and the researches of 
Schierz® on formic acid, lends some support to Taylor’s theory. 
Sodium, potassium, and silver sulphates, water, dimethyl pyrone, and 
acetic acid are all found to exert an inhibitory action in the order 
which the mechanism of compound formation would forecast ; that is 
to say, it is greatest with the sulphates and least with acetic acid. 
Sulphur trioxide in small concentrations has no eSect ; in large con- 
centrations it inhibits the reaction, both results contrary to what one 
would expect on Christiansen’s view that the activity of sulphuric 
acid is to be attributed to its sulphur trioxide concentration. The 
relative effect of water on the rate of decomposition of oxalic, malic, 
and formic acids in sulphuric acid is also in agreement with the theory, 
being most marked with the strongest acid, oxalic acid, and least 
with formic acid. Furthermore, as with oxalic acid, the temperature 

^ J. Physical Chem.^ 1923, 27, 322. ^ Unpublished experiments. 

® J, Physical Chem.j 1924, 28, 145. * J. Amer. Chem. Soc., 1925, 47, 953. 

^ J. Amer. Ghem. Soc., 1923, 45, 447. 
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coefficient of the reaction rate is abnormally large, the average value 
being 3-72 for a ten-degree interval from 20° to 50°. 

Reactions inhibited by reduction of the concentration of a reacting 
constituent. — It is quite possible to formulate a series of general cases 
in which inhibitions by reduction of the concentration of a reactant 
shall occur. Thus, for example, in any reaction in which one of the 
actual reactants in the process is the ion of an electrolyte, the un- 
dissociated electrolyte being either non-reactive or of a lower order of 
activity than the ion, inhibition will occur whenever any substance is 
added to the reaction system which represses the dissociation of the 
electrolyte whose ion is reactive. Conversely, in any reaction in which 
the undissociated electroljte is more reactive than its ions, inhibition 
will occur when, to the reaction system, substances are added which 
will increase the dissociation of the electrolyte. If in a reaction of 
either type just discussed the inhibitor results from the reaction, the 
system show auto-inhibition or auto-retardation. Examples of 
these several types are well kQown and have been comprehensively 
studied with respect to reaction kinetics. 

Muller ^ studied the inhibitory action of hydrobromic acid on the 
hydrolysis of bromo-succinic acid. Since the hydrogen bromide results 
from the hydrol 3 ?i}ic process, this represents an example of auto- 
inhibition. Muller showed that the equation 

dxjdt=h^—^ 

SO 

more nearly represented the effect of the concentration, x, of the 
inhibitor, on the rate of reaction, than does an equation formulated by 
Ostwald for an auto-inhibited process : 

dxjdt = \{a - a;) - h 2 x{a - x) . 

That this expression of Ostwald cannot be generally applicable is evident 
Erom the observation that, with certain values for and the value 
of dxjdt would change sign; that is, the reaction become zero, or would 
even reverse itself — ^which has never been observed. 

Senter and Porter,^ dealing with the influence of the hydrogen 
halide on the hydrolysis of the several halogen acids of acetic, propionic, 
and butyric acids, with the inhibitory action of nitric acid on the 
reaction between bromo-substituted aliphatic acids and silver nitrate 
in alcoholic solutions, and with the problem of inhibition in general, 
showed that the term involving the inhibitor concentration normally 
appeared in the denominator. They showed that, in the reactions 
if the halogen-substituted acids with water, both the undissociated 
molecule and the anion of the acid undergo hydrolysis at rates definite 
and distinct for each acid and each ion. Retardation is produced by 
bhe halogen acid formed, in those cases in which the rate of hydrolysis 
1 Zeitsck. physikal. Ghent,, 1902, 41, 483. 2 Chem, Soc., 1911, 99, 1049. 
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of the ion is faster than that of the imdissociateci molecule. This is 
the case, for example, with bromo-propionic anion and acid. The 
inhibition is, therefore, due to the function of the strong hydrogen 
halide in altering the relative ratios of the more active anion and the 
less active molecule of the weak acid. They developed the mathematical 
equations expressing this explanation and showed that the con- 
centration of inhibitor appeared in the denominator of the equations, 
in agreement with their experimental observations. 

The inhibitory power of water on the velocity of decomposition 
of triethyl sulphine bromide in acetone and to a less degree in acetic 
acid solutions, may be explained on the assumption that the addition 
of water increases the dissociation of the bromide in the solvent. If 
the undissociated molecule alone undergoes decomposition, then the 
mechanism of the inhibitory power is manifest. This assumption 
should be tested- Furthermore, it should be noted that this reaction 
also shows a high temperature coefficient of 3 per 10^ rise in temperature 
with a water concentration as high as 6-7 per cent. The reaction also 
shows an exponential increase in the effect of the concentration of water 
on the reaction velocity. These observations must be accounted for 
in a completely satisfactory explanation of this inhibition. 

A well-known case of inhibition, namely the inhibitory power of 
hydrogen bromide and of iodine, on the thermal and the photochemical 
combination of hydrogen and bromine, first studied in detail by 
Bodenstein and Lind,^ has recently been elucidated. It furnishes a 
further example of a reaction inhibited by diminution of the con- 
centration of one of the reacting species. Bodenstein and Lind showed 
by a study of the kinetics of the thermal combination that the rate 
of formation of hydrogen bromide could be represented by an equation 
of the form 

42HBr] ^[HjViB^J 
dt [2HBr] ’ 

where the square brackets indicate concentrations of the several 
reacting species. The form of the equation clearly shows the inhibitory 
influence of the hydrogen bromide formed. The explanation of this 
singular equation was suggested, approximately simultaneously, by 
Christiansen,^ Polanyi,^ and Herzfeld.^ These three investigators 
assumed that the initial action was a dissociation of bromine into 
atoms : 

Br2=2Br (i.) 

^ ZeiUdi, pJiydhd, Gh&m.y 1906, 57, 168. 

® Demsh Vid. Math. Phys. Medd., 1919, 1, 14. 

® Zdtsch. EleMrochem,, 1920, 26 , 50. 

Zdtsch. EleUroch&m.y 1919, 25 , 301 ; Autl Physik, 1919 (4), 59 , 635. 
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By collision, of sucli a bromine atom with a hydrogen molecule, reaction 
occurred occasionally thus : 

H2 + Br=HBr + H (ii.j 

The resulting hydrogen atoms could disappear in two ways : 

H4-Br2=:HBr + Br .... (iii.) 

and H + HBr=H 2 + Br (iv.) 

Finally, the bromine atoms, which would otherwise accumulate and 
^ produce an ever increasing reaction velocity, must maintain themselves 
in a stationary state by reason of the reverse reaction to (i.) 

2Br = Brg. 

Such a sequence of reactions gives a Mnetic equation of the form 
obtained by Bodenstein and Lind. On this basis, the inhibitory power 
of the hydrogen bromide is to be attributed to its capacity to remove 
hydrogen atoms from the reaction system, these hydrogen atoms being 
producers of hydrogen bromide by reaction (iii.). The inhibitory 
power of iodine is similarly explained as due to the reaction 

H + l2 = Hl4-I, 

the iodine atoms being too inert to bring about reactions similar to 
those between bromine atoms and hydrogen. 

This theory of the mechanism of the inhibitory action of hydrogen 
bromide and iodine, together with the observation of light sensitivity 
of the hydrogen-bromine reaction at higher temperatures, has led 
Bodenstein and his co-workers ^ to renewed study of the reaction 
process. The interesting conclusion from this wor'k is that bromine 
atoms are by no means so reactive as has been postulated in recent 
theories of reaction mechanism. Bodenstein and Ltitkemeyer ^ con- 
clude that only 1*25 per thousand of the colhsions between bromine 
atoms result in the formation of bromine molecules. 

Reactions involving a chain mechanism and showing inhibition 
phenomena. — The hydrogen-chlorine conibination . — The photochemical 
combination of hydrogen and chlorine is the best known example of 
this class of phenomena. As has long been known, the photo-reaction 
of the two gases is enormously sensitive to traces of impurities. In 
this respect ammonia and nitrogenous organic bodies are especially 
powerful inhibitors of' reaction. Special precautions to remove such 
impurities are necessary if a sensitive reaction mixture is to be 
obtained.^ Oxygen, however, forms a very efficient inhibitor of the 

^ Zeitsch, EleJctrochem., 1924, 30, 416 ; Zeitsoh. physihal. Chem., 1924, 114, 208. 

“ Zeitsch. physikal. Chem., 1924, 114, 208. 

® See Chapman and Burgess ; Chapman and MacMahon, J. Chem. Soc., 1906, 89, 1402 ; 
1909, 97, 845; or, for a concise suramaiy, Treatise on Physical Chemistry ^ chap, xviii. pp, 
1218-1228 (Macmillan & Co., 1924). 
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reaction, and its influence has been studied kineticaUy by several 
workers since the original classical investigations of Bunsen and EoscoeA 
It has been shown that the rate of the hydrogen-chlorine combination 
is approximately inversely proportional to the amount of oxygen present 
in the reaction mixture. 

By comparing the light energy absorbed by the system with the 
chemical energy produced as a result of the light absorption, Bodenstein 
showed,^ in 1913, that there was an enormous divergence between the 
two quantities in a sensitive gas mixture. Thus, Bodenstein calculated 
that, in his most sensitive mixture, for every quantum (hv) of light 
energy absorbed, as many as 10® molecules of chlorine were caused 
to react. This large divergence from expectations based upon 
Einstein’s Law of the Photochemical Equivalent,® according to which 
there should be equivalence, in pure photo-reactions, between light 
energy absorbed and chemical energy produced, led to a number of 
theories^ to account for the excessive amount of reaction produced 
by the light. Of these, the most popular has been that of Xernst, 
which, although far from being completely satisfactory as an ex- 
planation of aU the facts of the photochemical combination of hydrogen 
and chlorine,® nevertheless illustrates well the idea of a chain of reactions 
and has led to a more detailed study of reactions, which deviate widely 
from the Einstein Law of the Photochemical Equivalent. Xernst 
assumed that the initial absorption of light resulted in a dissociation 
of a chlorine molecule into atoms : 

Cl^-hhv=20i. 

These chlorine atoms were then able to enter a series or chain of 
reactions, each reaction occurring with free energy decrease and 
therefore sjpontaneous, whereby, in each, hydrogen chloride and either 
hydrogen or chlorine atoms were produced : 

Cl-f-Hg^HCl-hH, 

H-hCl2==HCl-{-a 

Such reactions continued untE the hydrogen and chlorine atoms were 
lost either by recombination with each other or in some other marmer. 
It is easy to show that such a mechanism cannot have general 
applicability. It breaks down, for example, when we come to consider 
various other halogenation processes in which a similar disparity exists 

^ See, for example, J. Chem. 8oc., 1909, 97, 845 ; 1919i 116, 1264 ; 1923, 123, 3062 ; 
ZeUsch. physikal. Gh&m., 1913, 85, 297. 

* Zeitsch. physikal. Ckem., 1913, 85, 351. 

^ Ann, Pkysik, 1912, 37, 832 ; Verh. Deut. Physikal. Ges.^ 1916, 18, 315. 

^ Zeitsch. EUHrochem., 1916, 22, 58; 1918, 24, 335; ZeiUch, physikal Ghrni,, 1913, 85, 
351 ; 1923, 106, 426 : J5er., 1923, 56, 696. 

® See Treatise, on Physical Chcniistryf chap. xviiL p. 1226 (D. van N'ostrand. Co., New 
York, 1924 ; Macmillan & Co., London, 1925), 
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between light energy absorbed and chemical energy produced. It 
would be difficult to de\ise analogous chain systems to the above for 
the reactions between carbon monoxide and chlorine, methane and 
chlorine, xylene and bromine, in all of which, however, marked devia- 
tions from the law of the photochemical equivalent occur and which 
also show great sensitivity to the presence of inhibitors. The existence 
of such deviations from photo-equivalence demands, however, some 
mechanism of reaction whereby initial photo-process is succeeded by 
a very large number of spontaneous processes, the activating energy 
for which must come from the reaction energy produced in the processes 
set in motion by the original photo-reaction. The nature of the 
energy transfer involved and the steps by which it is achieved are, at ^ 
the moment, quite unexplained. The problem involved forms a most 
important phase of our study of the mechanism of chemical change. 
It is more important and more complex by reason of the fact that such 
a succession of reactions can be disturbed or diminished by the presence 
of small quantities of inhibitors. In the succeeding paragraphs 
examples wiU be multiplied of reactions which involve some type of 
chain mechanism and show also the phenomenon of inhibition. 

In the case of the hydrogen-chlorine combination it is known that 
the nitrogen-containing organic inhibitors are consumed in the course 
of the reaction. Their effect, therefore, progressively decreases as the 
reaction proceeds, and it is to the presence of such bodies that the 
well-known phenomenon of the induction period in photo-halogenations 
is to be ascribed.^ As regards the function of oxygen in the inhibition 
of the hydrogen-chlorine combination, Weigert ^ and more recently 
Eideal and Norrish ^ have shown that chlorine sensitises the reaction 
between hydrogen and oxygen to visible Hght, and that oxygen is 
removed from the reaction mixture as water vapour. The reaction 
velocity is proportional to both the chlorine and the oxygen concentra- 
tion, so that it seems that the excited chlorine molecule transfers its 
energy by collision to an oxygen molecule, rendering it reactive thereby. 
With regard to the traces of oxygen normally present in the mixtures 
used in the studies of the hydrogen-chlorine combination, no special 
experiments have been made to ascertain what products result from 
their presence nor the mechanism of their inhibitory action. Boden- 
stein ^ assumed that the oxygen was, in some manner, maintained at 
constant concentration throughout the reaction. This point requires 
further study in view of the above study with higher concentrations 
of oxygen. The presence of oxygen, however, even in small con- 
centration.s, decreases the length of the chain reactions initiated by the 
absorbed hght, and, as far as present data show, to an extent pro- 
portional to its concentration in the hydrogen-chlorine mixture. 

^ Chapman and co-workers, J, Ohem. Soc., 1906, 89, 1402; 1909, 97, 845. See also, 
however, Baly and Barker, J, Ghem. Soc., 1921, 119, 653. 

^ Ann, Fhyaik, 1907 (4), 24, 65, 243. 

® J. Chem, 8oc.y 1925, 127, 787. * Zeilach. physikal, Ghem., 1924, 114, 208. 
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\ A further insight into the mechanism by which chain reactions are 
:! ■' stopped by inhibitors present in small concentrations has been gained 

by the investigations of Weigert, Coehn and Jung, and Norrish (see 
’ ' ; a7ite, p. 151) on the hydrogen - chlorine reaction. The hydrogen- 

' chlorine mixture is only sensitive to visible light in the presence of 

! , minute amounts of water vapour. The experiments of Norrish indicate 

I I that the photo-sensitive reactant is a chlorine water complex ; this 

;! J complex when excited by absorption of radiation is chemically reactive 

J in starting chains. This may be due either to an enhanced stability 

; or life of an excited chlorine molecule or to the direct formation of 

i !; hydrogen chloride according to the reaction ClgHgO + H 2 — >2HC1 4- HgO. 

i Eurther experiments are required to elucidate this point. In the presence 

'i of inhibitors such as ammonia the free water is removed, and on excita- 

,i ij tion of the remaining chlorine reaction with ammonia takes place ; 

; C thus inhibition results by stopping the chains from commencing, 

i not from breaking a chain which has already been started. 

' The inhibition of hydrogen - peroxide deeojnposition. — The de- 
1 composition which solutions of hydrogen peroxide undergo both 

thermally and photochemically can be inhibited by suitable additions 
i of selected substances. Acids of all kinds, salts such as sodium and 

calcium chlorides, sodium pyrophosphate, magnesium silicate, alcohols, 
glycerol, ether, esters, naphthalene, amines, phenols, acetanilide, are 
I typical agents of inhibition.^ The last-named substance has found a 
;; considerable technical application for this purpose and possesses a dual 

I efficiency both for the thermal and the photochemical decomposition. 

This dual efficiency is not always obtained. The presence of alkalis 
i;',; markedly accelerates the thermal decomposition and inhibits the 

ii;: photochemical decomposition, a factor which is not yet satisfactorily 

explained. 

The photochemical studies of the decomposition process have 
; ■ provided the experimental indication that the reaction in question 

. has some type of chain mechanism. Henri and Wurmser^ showed 
M that the light absorption was weak, and that as many as 100 molecules 
of the peroxide are decomposed for every quantum of light energy 
absorbed. This conclusion has been verified by Eornfeld^ using 
I ; monochromatic illumination and exact methods of energy absorption 

. ;i measurements. Her results show that the actual number of molecules 

;l: decomposed per unit of energy absorbed increases with increasing 

i-j concentration. In solutions 0-016 normal with respect to peroxide, 

twenty-four molecules decomposed per quantum. In 0-05 normal 

‘i ^ JPor a summary of the photochemical literature see Anderson and Taylor, J. Amer. Ghem. 

Soc., 1924, 45, 650, 1210, For the literature of the thermal decomposition see Davis, Ch&m. 

' i; iYeuw, 1884, 49, 226 ; Sabatier, BuU, Soc. chim. (2), 1885, 44, 169 ; Kingzett, J, Boc. GTieni. 

j j 1890, 9, 3; J. Soc, Ghem, Ifid,, 1906, 25, 1219; 1908, 27, 1214; 1909, 28, 1314; 1910, 

■ 29, 159 ; BuU, Soc. Ind. Midhouse, 1895, 78 ; 1897, 95 ; Cla 3 ^n, Trans. Farad Soc 1916* 

\ 11, 164. 

j f ^ Compt r&nd., 1913, 156, 1012, 


Zeitsch. wise. Phot, 1921, 21, 66. 
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solutions, the number had risen to seventy-seven molecules. Evidently 
the chain mechanism becomes more efficient in the more concentrated 
solutions, or what is the same thing, solvent water molecules break the 
chains. In acid solutions of the peroxide, the number of molecules 
decomposed per unit of energy absorbed is markedly lowered. Henri 
and Wurmser ^ listed a number of inorganic compounds which inhibit 
the light reaction, and in the following year Mathews and Curtis 
added a number of organic and inorganic compounds. They failed to 
observe any properties possessed in common by the inhibitors. Eecent 
investigations by Anderson and Taylor ^ have tended to elucidate the 
mechanism of certain of these inhibitions. The inhibitory effects 
exhibited by typical organic compounds of known absorption spectra 
were examined in four definite spectral regions of the ultra-violet. 
The inhibition by such agents was associated with the absorption 
capacity of the compounds for ultra-violet light. A striking correlation 
between these two factors was obtained in the case of benzene, several 
esters, acids, amides, ketones, and alkaloids. The inhibitors act more 
efficiently when in the peroxide solution than when in a screening 
solution of similar thickness and concentration. This is doubtless to 
be associated with the existence of the chain reactions already men- 
tioned. These inhibitors act therefore in a twofold capacity. They 
absorb some of the radiation which might activate hydrogen peroxide 
molecules. They apparently, also, break whatever chain mechanism 
may be set up ^ to account for the abnormal photochemical yield. Not 
all inhibitors act in the former capacity. Certain aliphatic alcohols 
and amines, halogen, hydroxyl, and hydrogen ions act as inhibitors, 
although quite diactinic in the ultra-violet. Possibly adsorption of 
the inhibitor on the active portions of the reaction vessel, resulting 
in a decrease of the number of chains started, may be found to play 
an important part in the process. 

Oxidation 'processes . — It has already been pointed out that in 
many processes of oxidation the inhibitor may act by removal of 
a powerful positive catalyst, the oxidation of so (hum-sulphite solutions 
by dissolved oxygen being studied in detail by Titoff. The number 
of such autoxidation reactions sensitive to inhibitors has been largely 
increased by various investigations, among which some of the more 
important are due to Moureu and Dufraisse.^ Their earliest work 
showed that the prevention of autoxidation of a variety of substances, 
for example benzaldehyde and acrolein, was possessed by phenolic 
compounds. The efficiency of such compounds was remarkable. One 
molecule 1)f hydroquinine in every 40,000 molecules of acrolein served 
to make the autoxidation of the latter negligible. Analogous results 

1 Compt. 1913, 157, 284. 2 Physical Chem., 1914, 18, 521. 

® J. Amer. Gh«m. Soc., 1923, 45, 650, 1210. 

^ See KcamMd, loc. cU., and Nemst and Noddack, Siizungsber. prmss. Akad., 1923, 112. 

^ Compt. rend, 1922, 174, 258 ; 1922, 175, 127 ; 1923, 176, 624, 797 ,* 1923, 178, 824 
1498, 1861 ; 1924 179, 237. 
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were obtained with such autoxidisable substances as acetaldehyde, 
chloral, propionic aldehyde, anisic aldehyde, cinnamic aldehyde, 
hydrocinnamic aldehyde, furfurol, st}Tolene, turpentine, linseed oil, 
nut oil, and butter. Furthermore, various secondary phenomena 
which often accompany autoxidation processes generally related to 
molecular condensations and manifested by changes of colour, pre- 
cipitates, change in viscosity, rancidity are also inhibited by such 
additions. Thus, furfurol, instead of turning deep black, remains 
almost colourless ; acrolein no longer yields dis-acryl, a polymerised 
product ; styrolene remains fluid ; linseed oil can be exposed in thin 
layers without losing its fluidity ; fatty bodies do not become rancid. 

Further afield, Moureu and Dufraisse have*. noted the French 
patent to the Societa Anonyma Co-operativa (1905), which claims the 
protection of silks against %ht, heat, and atmospheric action by means 
of thiourea, hydroquinine, and their derivatives, this patent being a 
product of the investigations of Sisley and Seyewetz ; ^ also a German 
patent (1918) to the Badische AniHn- und Soda-Fabrik claiming the 
protection of synthetic rubber against autoxidation by the presence 
of phenolic compounds. GiUet and Giot ^ have noted that materials 
dyed with azo dyes and eosin dyes are protected against colour changes 
by such inhibitors as Moureu and Dufraisse have studied. Eubber 
oxidation is inhibited by tannin and hydroquinone.^ 

Moureu and Dufraisse reject the Titoff concept of suppression of 
a positive catalyst and have formulated a theory of mechanism which 
seeks the theoretical solution of the problem of autoxidation in the 
“ peroxidation ’’ of both autoxidant and inhibitor, followed by inter- 
action of the two oxidised agents to regenerate both initial substances 
and elementary oxygen. Thus, if A be the autoxidisable substance 
and B be the inhibitor, the sequence of reactions would be 

A-f02=A(02), A(02)-hB-A(0) + B(0), 

A(0) + B(0)=A+B-h02; 

or alternatively, 

A+02=A(0)2, 

B + O 2 = B(02), 

■^(^ 2 ) ^(^ 2 ) “ A + B + 2 O 2 . 

The later papers of Moureu and Dufraisse have been concerned with 
data designed to prove this mechanism, inhibitors such as iodine and 
iodine compounds, compounds of sulphur and of phosphoius having 
been studied. They note that most inhibitors are easily oxidisable 
substances. 

It has long been known ^ in connection with induced oxidation 

^ BulL Soc, cJiim.t 1922, 31, 672. ^ Oompt rend., 1923, 176, 1402. 

® Compt. rend.^ 1923, 177, 204 F.P. 509607/1919. See Chapter VH. 
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processes that, during many processes of autoxidation, for every 
molecule of oxygen consumed by the substance undergoing oxidation 
a molecule of oxygen was simultaneously activated and could react 
to form ozone, hydrogen peroxide, or in the presence of other autoxidis- 
able substances could oxidise them, frequently causing oxidations 
which cannot be accomplished by ordinary atmospheric oxygen. One 
such case, studied by Jorissen,^ is the oxidation of potassium arsenite, 
present in solutions of sodium sulphite undergoing oxidation. Oxidation 
of arsenite solutions by dissolved oxygen does not occur. In presence 
of sulphite, however, equimolecular quantities of the two oxidation 
products are obtained. In the induced reaction the oxidation of 
the sulphite is materially lower than in the absence of arsenite. The 
latter can therefore be regarded as an inhibitor of the sulphite oxidation. 
Jorissen suggests^ that the oxidation of a sulphite-arsenite complex 
occurs. Moureu and Dufraisse have elaborated their theory ^ to explain 
these cases. Such special explanations cannot have general applicability 
since it is certain that in many cases oxidation of the inhibitor does 
not proceed at the same rate molecularly as that of the autoxidis- 
able substance. Furthermore, it would be desirable even in the 
case of suiphite-arsenite mixtures to ascertain whether the relative 
amounts of the two oxidised does not vary with the concentrations 
present. 

Keasoning from the existence of chain reactions in photochemical 
processes and from the form of the kinetic equation of a simple bi- 
molecular reaction involving collisions, Christiansen^ concluded that 
reactions sensitive to inhibitors, thermal as well as photochemical, 
might involve a chain mechanism. Eeactions in which a minute 
amount of inhibitor effects a very considerable reduction in reaction 
velocity would, in such case, be those in which the length of the chain 
in absence of inhibitor is great, as in the hydrogen-chlorine photo- 
reaction already discussed. There appears to be no ready method of 
ascert ai ni ng whether a purely thermal reaction has a chain mechanism. 
Photo-reactions, however, can readily be tested by a study of light 
energy input and chemical reaction which results. If a chain mechanism 
is established for a photo-reaction it is apparent that the processes 
succeeding the initial light absorption are not essentially different 
from thermal processes. If a photo-reaction is shown to have a chain 
mechanism, it is probable that the same reaction conducted thermally 
will also involve chains. 

From, this point of view Taylor ^ and also Backstrom^ have 
investigated a number of oxidation processes photochemically to 
ascertain the ratio of light energy input to resultant chemical reaction. 
Backstrom studied both the oxidation of aldehydes such as benz- 

^ Zmisch. physihal, Gheni.j 1897, 23,. 667. 2 c/i.m.,1924 43 582 

Rec. tmv, chim., 1924, 43, 645. Physical Ohem., 1924, 28, 146. 

^ Unpublished experiments. 
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aldeliyde and of sodium sulpliite. He found in eacii case that many 
hundred molecules of the autoxidant react for each quantum of 
absorbed light energy. Mathews and Dewey ^ and Mathews and Weeks ^ 
showed that photochemical oxidation of sulphite was sensitive to 
inhibitors. Pyridine, benzaldehyde, j)henol, hydro quinine, ethyl 
acetate, urea were all retarding agents of varying efficiency. There 
is, however, some divergence between the thermal and photochemical 
processes, since copper salts which are powerful catalysts for the 
thermal process are without action photochemically. The photo- 
chemical oxidation of benzaldehyde is retarded by many of the 
inhibitors of the thermal process. Taylor showed that in the photo- 
oxidation of an unsaturated glyceride a chain mechanism might also 
be involved, since the ratio of molecules reacting to quanta absorbed 
was greater than unity though much smaller than in the cases studied 
by Backstrom. 

Young ^ showed that the oxidation of solutions of stannous chloride 
in water by dissolved oxygen was likewise extremely sensitive to the 
presence of inhibitory substances. Various alkaloids, mannite, aniline, 
potassium cyanide, salts of manganese and of chromium were shown 
to be inhibitors. It is not yet known whether this is an additional 
case of a reaction involving a chain mechanism. Young showed that 
it was sensitive to certain positive catalysts present in minute amounts. 
A concentration of 0‘000005 N hydrogen sulphide serves to increase 
the rate of oxidation by about 25 per cent. 

Gaseous oxidations, — Recent investigations have shown that 
certain gaseous oxidation processes are sensitive to the presence of 
inhibitory agents. This discovery arose in connection with a study 
of the explosion of hydrocarbon-air mixtures in the automobile engine. 
Midgeley ^ has shown that addition of agents, such as iodine, amines, 
and especially lead tetra-ethyl, to the motor fuel suppresses the 
tendency to pre-ignition of the explosive mixture in the cylinder, 
thereby permitting a higher compression to be employed. Corre- 
sponding economies in fuel consumption can thereby be secured. 

There is no general agreement, as yet, with respect to the 
function of these added substances in hydrocarbon - air mixtures, 
various theories having been brought forward.^ That such substances 
may act as inhibitors of oxidation was shown by Taylor by demon- 
strating ® that lead tetra-ethyl is a powerful inhibitor of the autoxida- 
tion of benzaldehyde. On Christiansen’s view the mechanism must be 
one involving a chain mechanism, the energy of the reaction products 
being transferred to the reactants bringing them into the reactive 
state, the inhibitor acting by breaking the chains. The view that the 
explosion reactions involve chains is in harmony with the conclusions 

^ J. Physical CAe?7i.., 1913, 17, 211. ^ J. Am&r, Ghent. Boe., 1917, 39, 635. 

^ J. Amer. Ohem. Soc., 1901, 23, 119, 450. * J, Ind, Eng. Chem., 1923, 15, 421. 

^ J. Ind. Eng. Ohem,, 1923, 15, 421. ® A.C.S. Intersectional Meeting, Boston, 1924. 
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of Dixon ^ from liis work on the explosion of combustible gas-air 
mixtures. It is of interest in this connection, also, to record that 
Humphry Davy ^ made experiments in 1817 on the influence of 
hydrogen chloride and silicon tetrafluoride on the lower explosion 
limit of hydrogen. He showed that a mixture of two volumes of 
hydrogen with one of oxygen did not explode when 2 per cent by 
volume of hydrogen chloride or 0*8 per cent of the sihcon compound 
was added. Jorissen, Tehsek, and Menwissen have recently studied^ 
the restriction of the inflammability limits of explosive gas mixtures 
in presence of various chlorinated hydrocarbons. Further work is 
needed before the theoretical elucidation of this most important 
practical problem can be achieved. From such work it may be 
anticipated that the mechanism whereby the chains are broken will 
be elucidated. As yet, there is little information on the point. There 
is some evidence that the inhibitor is oxidised in processes of oxidation. 
It is also possible that the energy of a hot molecule may be 
dissipated by molecular compound formation with the inhibitor, 
since, as was shown by Taylor,^ there is a marked concordance between 
inhibitory power and ability to form molecular compounds. 

1 Ber., 1905, 38, 2441. 2 PM, Trans., 1817, 59. 

® Bee, irav, eUm., 1924, 43, 80, 591. ^ J. Physical Chem., 1923, 27, 322. 
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The most varied and extensive application of catalysis to the problems 
of industrial chemistry has been made in the technical development 
of processes of catalytic oxidation. 

Catalysts have been successfully employed to accelerate various 
processes of oxidation extremely dissimilar in character. Thus, in 
processes of surface combustion the catalytic material induces the 
complete combustion of gaseous and vaporised fuels for the production 
of intense and localised heat, whilst, on the other hand, the in- 
candescent mantle exhibits similar localised combustion for the 
production of light. In those cases also in which the process of 
oxidation is reversible within the usual temperature range of operation, 
as in the oxidation of sulphur dioxide to sulphuric anhydride or of 
hydrochloric acid to chlorine and water, technical development was 
only possible after the discovery of catalytic agents which would 
accelerate the processes of oxidation at relatively low temperatures 
so as to ensure the maximum, yield of the desired product at reasonable 
space velocities. 

Another extending field for the technical development of processes 
of catalytic oxidation is to be found in the cases oi fractional oxidation, 
where, by the choice of suitable catalytic material and the proper 
conditions of temperature, pressure, and concentrations of reacting 
substances, the reaction is caused to proceed along one path only, 
with the avoidance of possible side reactions or products of combustion 
of a higher or lower state of oxidation than is desired. Mention may 
be made of the technical processes for the oxidation of ammonia to 
nitric oxide, of hydrogen sulphide to sulphur, of methyl alcohol to 
formaldehyde, and of naphthalene to phthahc anhydride as examples 
of such fractional oxidation. In aU these cases, under adverse con- 
ditions, the yield of the desired product may be reduced to nil. 

Processes of catalytic oxidation may also be selective in character. 
Thus, iron sulphide may be oxidised in the presence of the inflammable 
constituents of coal gas by the regulated admission of air under suitable 
temperature control. Mixtures of methane, hydrogen, and carbon 
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monoxide may be analysed by the admission of oxygen, the com- 
bustion being conducted in such a manner that, by a suitable choice 
3 i catal}i:ic material and operating temperature, only one constituent 
undergoes oxidation. 

The classical experiments of Schonbein on autoxidation, in which 
the reaction velocity of the process of oxidation is extremely slow, 
opened up a new and interesting chapter in the theory of combustion, 
rhe significance of such processes of cold combustion will at once 
be apparent from a consideration of the mechanism of the corrosion 
3 T rusting of metals and the many remarkable cases of induced chemical 
reactions which accompany processes of autoxidation. 

In the following pages examples are given of the varied and manifold 
ipplications of catalysis to these diverse processes of oxidation. It 
vill be noted that, as in many other cases, practice, as exemplified by 
lechnical development, has outstripped the theoretical treatment of 
rhe subject. 


The Manufacture of Sulphuric Acid 

The sulphuric acid industry is practically unique in the fact that 
rhe two processes employed on an ever extending scale for its manu- 
‘acture, the so-called ‘‘ chamber '' and “ contact ” processes, are both 
jatalytic in operation, and in the most modern plants the relative 
msis of production are practically identical. The chamber ’’ process, 
lowever, is confined to the production of the monohydrate, the 
naximum strength of acid obtainable being 98 per cent 112^^4^ 
vhereas the contact ” process is more suitable for the production 
)f oleum ”, i.e, sulphuric acid containing varying amounts of SO3 
lissolved in it, pure “ oleum ” or fuming acid having the composition 
^SOg.HgOorHsSsOv. 

13ie chamber proc'ess. — In this process the oxidation of sulphur 
lioxide to sulphuric anhydride by means of atmospheric oxygen is 
jatalytically hastened by oxides of nitrogen, and is one of the very 
hw cases of homogeneous catalysis in a gaseous system. 

In actual operation a 6 to 12 per cent mixture of sulphur dioxide 
n air obtained by passing a regulated amount of air over burning 
iulphur or sulphides such as pyrites, or spent oxide from gas works, is 
)rought into contact whilst still hot (400°) with a solution of nitrosyl 
iulphuric acid, by passage through one or two volvic lava- or flint- 
)acked columns termed G-lover towers, down which a stream of nitrosyl 
iulphuric acid is distributed. 

The resulting mixture of sulphur dioxide, oxides of nitrogen, and 
bir then pass into a series of leaden chambers into which steam or 
lilute sulphuric acid is blown by means of suitably shaped nozzles. 
Phe earlier rectangular reaction chambers, which would only produce 
me-sixth of a pound of sulphuric acid per cubic foot in twenty-four 
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hours, are now replaced either bv tangential chambers in which nearly 
1|' lb, of sulphuric acid can be produced per cubic foot in the same 
time, or by plate or packed towers in which the oxidation of the sulphur 
dioxide to the trioxide no longer takes place in the gaseous phase, but 
in the dilute nitric acid which is added to each tower. Although a 
considerable economy in space is gained in such tower systems, yet 
the extra installation costs and the increased resistance to the gas 
passage bid fair to militate against this advantage. 

The spent gases from the reaction chambers are freed of all residual 
oxides of nitrogen by passage up a coke or stoneware ball-packed 
column^ the Gay-Lussac tower, down which sulphuric acid is distributed. ^ 

The weak sulphuric acid from the lead chambers {ca. 65 per cent) ' 
containing both oxides of nitrogen and nitric acid mixed with the nitrous 
vitriol from the Gay-Lussac tower, is partially concentrated (to 78 per 
cent) in the Glover tower, where the oxides of nitrogen are removed 
by the fresh gases and finally brought up to 98 per cent strength by 
evaporation in Gaillard towers or by means of cascade concentrators. 

It is evident that under ideal conditions the oxides of nitrogen 
which are continually returned to the reaction chambers by means of 
the Glover tower should sufier no diminution during the cycle of opera- 
tions. In actual practice, however, there is a small but continuous 
loss of the catalyst, equivalent to from 1 to 4 parts of sodium nitrate 
in 100 parts of sulphur burnt. This deficit has to be continuously 
made good either by the addition of nitric acid to the Glover tower or 
by supplying oxides of nitrogen to the entering gases. In the latter 
case either smaU quantities of sodium nitrate (nitre) and sulphuric 
acid are placed in pots situated in the flue of the p 3 rrites burners, or 
in the most modem practice, oxides of nitrogen, produced by the 
catalytic combustion of ammonia (see p, 165), are added at the base of 
the Glover tower. 

The loss of oxides of nitrogen in the cycle is probably due to a 
variety of causes, amongst the more important of which may be 
mentioned : 

(a) The presence of organic matter in the sulphur dioxide — a 

common occurrence when spent oxide is utilised. 

(b) Loss in the sulphuric acid finally produced and at the exit of 

the Gay-Lussac tower, 

(e) The reduction of nitric oxide to nitrous oxide or nitrogen by 
the coke packing in the Gay-Lussac tower, and by decom- 
position in those parts of the contact chambers where the 
acid is under 40 per cent strength. 

An explanation of the mechanism by which the oxidation of sulphur 
dioxide to the trioxide is accomplished with the aid of oxides of nitrogen 
was first suggested by Davy in 1812, as a result of a series of experi- 
ments which had been conducted some six years previously by Clement 
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and Desorraes.^ It was noted that when insufficient steam was 
admitted to the reaction chambers white crystals of nitrosulphonic 
acid were deposited ; Da\^’s hypothesis for the oxidation was based 
upon the intermediary formation of this acid, according to the following 
equation : 

.Oil 

(1) 2 SO 2 + H 2 O + 3X02 = 2804 +N0, 

>N 02 

the nitrosulphonic acid reacting with excess of steam and oxygen to 
form sulphuric acid : 

.OH OH 

(2) 4S02< +2H20 + 02 = 4S02<; +4N0, 

^NOs ^OH 

whilst the nitric oxide is reoxidised to nitrogen dioxide as follows : 

(3) 2X0 + 02 = 2X02* 

Lunge and Xaef in 1884 found, on analysis of the chamber gases in 
the second and third chambers, that nitric oxide and nitrogen dioxide 
were present in equivalent proportions, behaving as X 2 O 3 : 

(4) NO 2 + NO 

and suggested the following series of reactions to account for the 
formation and subsequent decomposition of chamber crystals : 


OH 


yKJJLX 

(5) 2S0s + 0^-hH^0+N,0s = 2S0^<( 


•\- 


(6) 280^ +H20=2H2S0* + N203- 


OH 


•NO, 


In the first chamber the gases are usually colourless owing' to a 
deficiency of nitrogen dioxide. Lunge and Xaef suggested that the 
removal of this constituent was taking place by means of a side 
reaction, as follows : 


/OH OH 

(7) 2802^ + 2 H 2 O + S02=3S02\ +2X0, 

^X02 \0H 


which would thus explain the presence of the nitric oxide in excess of 
the equivalent proportions demanded by Equation (4) . These compara- 
tively simple reactions, according to Easchig ^ and Trautz,^ are not a 
sufficient explanation for all the phenomena observed when sulphurous 


1 See Lunge, vol i. j RascMg, J, 8oc. Ohem. Ind., 1907, 10, 965 ; 1911, 30, J06 : Partington 

The Alkali IndtiMry^ 1918. ° 

2 Annalen, 1887, 241, 200. a Zeitsch. physikal. Chem., 1888, 2, 608, 

M 
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or sulpliuric acids are agitated with, oxides of nitrogen. It is common 
knowledge that in the usual nitrometer estimations a purple or pink 
coloration is nearly always present towards the end of the reaction. 

The composition of the purple acid is unknown, but in all probability 
contains the nitroso -group, NO, to which its colour may be attributed. 

Trautz postulates the formation of an unstable nitrosulphonic acid 
according to the following reactions : 


/OH 

2SO/ 

■^H 

/OH 

+ N2O3 = 2S02S. + H2O, 

^NO 

/OH 

2S02< 

\no 

/OH 

— > S 02 < +NO, 

>N 0 


S02<' 


^OH 


which is subsequently decomposed according to the following two side 
reactions : 


(1) 


( 2 ) 


so/ 


OH 


SO, 


/■ 


■NO 




so/ 


OH 

OH 


>NO 


SO/ 


OH 


+N2O3 

— ^ 3NO + 2H2SO4, 

+H2O 


/OH 

+ 2 SO/ + 2 H 20 = 4 H,S 04 + 3 N 0 . 

‘^N02 


Tte existence of a hypothetical nitrosnlphnrio acid SO, 


^OH 
*/o . NO2 


has also been suggested by Lunge, formed by the interaction of nitric 
acid vapour on sulphur dioxide in the presence of air : 


DH 


O2 + 2SO2 -h 2HNO3 = 2S02< 

^O.NOa 


It must, however, be admitted that our knowledge of the various side 
reactions which may occur between the oxides of nitrogen catalysts 
and the oxides of sulphur is far from complete, but it appears probable 
that the explanation advanced by Lunge and Naef represents the most 
important sequence of actions taking place under the conditions in 
actual chamber practice. 

The contact process. — ^The early development of the lead 
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chamber process for the manufacture of sulphuric acid took place in 
the years 1740 and 1750. 

In 1812 Davy, who was the first to point out the true function of 
the oxide of nitrogen in the oxidation of sulphur dioxide, suggested 
the possibility of using platinum sponge as a catalyst for the same 
purpose. Phillips, in 1S31, may claim to have been the pioneer in 
testing Davy's suggestion on the industrial scale, but owing to the 
rapidity with which his catalytic material became poisoned the process 
was abandoned until 1875, when Squire and Messel succeeded in making 
the process a technical success for the production of “ oleum These 
investigators utilised pure gases obtained by the decomposition of 
sulphuric acid on hot brick surfaces or by the combustion of sulphur, 
the sulphur dioxide being subsequently purified, by washing with water 
under pressure. 

The rapid development in the contact process during the opening 
years of the present century is chiefiy due to the work of Kneitsch and 
Krauss,^ who carried out a very systematic investigation on the reaction 
velocities and the conditions of equilibrium of the reaction 

2S02 + 02:i±2S03, 

which was found by C. Winckler to be a reversible one. It was shown 
that the value of the equifibrium constant 

K 

^ Pso.vPo; 

where Pso,> PsOos Po* are the respective partial pressures of the 
reacting constituents, decreased with rising temperatures, as is observed 


from the following figures : 

I^mperatTire, Kp. 

Temperature. 


430^ 

198-0 

600° 

14'9 

450 

187'7 

610 

10-5 

500 

72-3 

627 

5-5 

528 

31-3 

700 

4-8 

553 

24*1 

727 

1-8 


By means of the general equation 

<7 log Q,, 

dT 

assuming that the value of the heat of reaction, which according 
to Berthelot and Bodenstein ^ is equal to an evolution of 21,700 cals, 
at the ordinary temperature, does not change seriously in value over 
the temperature range, we can calculate the value of and hence 
that of for any desired temperature. The value of the integration 
constant can be obtained by taking an experimentally found value of 
or by means of Nernst’s heat theorem. 

1 Ber,, 1901, 34, 4069. 

^ Bodenstein and Finck, Zdisch, physihtl. Ckem., 1907, 60, 1, 46. 
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The fractional conversion, i.e, the values of the ratio 


SO, 


SO2 + SO3 ^ 

could consequently he calculated when the magnitude of had been 
determined. It is easy to show that the percentage conversion 100 x 
is equal to 

From this equation it is a comparatively simple matter to calculate 
the composition of the gas as it comes from the contact material in 
which equiKbrium has been established, whilst the calculation of the 
final composition from an analysis of the entering gases can be made 
by means of the following equation : 


100ar=100 


A" 




j 6-0-5 

■sj 100 - 0 -; 


ax 
5 ax 


where a and h are the percentages of sulphur dioxide and oxygen in 
the initial mixture. 

From these equations the following interesting facts can be deduced: 
first, that the ideal catalyst should be active at low temperatures, 
preferably below 500®, where the values of Kp are large ; secondly, 
although an increase in the partial pressure of oxygen is beneficial in 
that it tends to raise the value of x nearer to unity, yet a limit is set 
to the quantity of air admitted by the effect of the diluent nitrogen. 
If we assume a mere trace of sulphur dioxide to be present in entering 
gases, i.e. a is approximately zero and 5= 20*9 per cent, then 


/ _ /A.=o-457 

V 100-0-6 aa: sj KM ’ 


100 a;- 100 


A. 




For large values of the yield is practically theoretical, but at 700° 
the value of 100 x has sunk to 60 in spite of the very large quantities 
of oxygen present, whereas if no nitrogen had been present at all the 

100 A 

value of 100 x approximates to or 83 at 700°. The optimum 

Ajj 1 

results are obtained when the quantity of excess air admitted to, the 
pyrites burners raises the oxygen content to the ratio SOg : Og : : 2 : 3, 
or three times the theoretical amount for complete conversion to the 
trioxide. 

Having determined the conditions governing the oxidation of the 
sulphur dioxide, Kneitsch and Krauss investigated the reaction velocity 
in the presence of different catal3dic materials. Utilising purified 
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teclinical converter gas of the following composition : 7 per cent SOg, 
lU per cent Og, and 83 per cent Ng, the speed of conversion was 
determined when passed over various catalysts at difierent speeds and 
varying temperatures. In Fig. 8 (Curves I and II) are shown the results 
of passing such a gas mixture over platinised asbestos in a porcelain 
tube at varying temperatures; it wiU be noticed that conversion 
with this, the most efficient of all the catalysts yet investigated, com- 
mences at 200"^ with a flow rate of 300 c.c. per minute (Curve I) and 
at a little under 300° with a flow rate of 20,000 c.c. per minute 
(Curve II), and as the flow rate increases a higher reaction velocity 
is required, necessitating a higher temperature with a correspond- 



Eig. 8. 


ing reduction in the equflibrium concentration of sulphuric anhydride 
obtainable. Curve III indicates the loci of the maxima of a set of 
the curves, utilising identical catalytic material, platinised asbestos 
and converter gas of similar composition but with diflerent rates of 
passage. 

It is evident that if some circulating system were employed, or 
alternatively a series of catalytic tubes were so arranged that the 
sulphur trioxide formed was removed after each catalytic treatment, 
the maximum conversion per unit of time would not be obtained with 
an operating temperature and speed of passage corresponding with the 
probable maximum conversion, but would entail a very high rate of 
passage with a relatively low conversion, the speed and temperature 
being so adjusted as to ensure the product, per cent conversion x flow 
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rate being a maximum. Technical difficulties associated with the 
removal of the sulphur trioxide from a gas containing relatively large 
quantities of the lower oxide appear to have prevented the realisation 
of this possible procedure. 

Curve IV indicates the results obtained with burnt pyrites 
(CuCjEe^Og) as contact material with a flow rate of 500 c.c. per minutej 
whilst Curve Y shows the low duty obtained with broken porcelain as 
catalytic agent. 

We have already referred to the employment of purified converter 
gas by several investigators. Squire and Messel appear to be the 
first to have reabsed the significance of catalyst “ poisons in the 
ordinary gas, and used, as an alternative, sulphur ffioxide prepared 
from some purer source. The Badische Anilin- und Soda-Fabrik success- 
fully solved the technical problem of purifying ordinary converter gas 
from poisons, notably arsenic, antimony, phosphorus, and lead, by 
steam treatment, cooling, and washing. The resulting gas is so purified 
as to be optically pure, showing complete freedom from suspended 
matter even when subjected to intense illumination. 

Since the optimum conversion temperature lies between 400^^ and 
450°, it was evident that for the successful technical development of 
the process the entering gases should strike the catalyst at a tempera- 
ture approximating as nearly as possible to this, and should leave the 
catalyst at sensibly the same temperature. The reaction, however, 
is strongly exothermic, 21,700 cals, being evolved per grm.-mol. of 
sulphur dioxide converted. The Badische converter was accordingly 
constructed of relatively narrow iron reaction tubes, 10 per cent 
platinised asbestos being employed as catalytic material. The maxi- 
mum radiation was thus obtainable by this method. A part of the 
inflowing gas, passing externally over the tubes in a counter-current 
direction, was so adjusted as to regulate the catalyst temperature, and 
at the same time assisted in heating up the remainder of the entering 
gases. 

In the Mannheim process developed by Clemm and Hasenbach a 
preliminary conversion is eflected by passage of the gases over burnt 
pyrites at from 500° to 600° where some 45 per cent conversion is 
eflected. The gases freed from the sulphuric anhydride by absorption 
in strong sulphuric acid are then passed on to the lower temperature 
platinum catalyst. A dual advantage is thus obtained. In spite of 
the lower duty obtained with the burnt pyrites catalytic material 
on account of the somewhat elevated reacting temperature, this catalyst 
is not so sensitive to traces of poisons as the platinum and is a com- 
paratively cheap material to utilise. As a further consequence, a very 
pure gas passes on to the platinum converter, and since nearly half 
of the sulphur dioxide has already been removed, the temperature of 
this catalyst can be easily adjusted within the prescribed limits. 

Of the various catalytic materials employed to accelerate the 
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oxidation of sulphur dioxide to sulphuric anhydride, platinum is un- 
doubtedly the most active, and much ingenuity has been displayed in 
obtaining the maximum yield possible with the aid of relatively small 
quantities of this somewhat expensive material. 

In the Badische type of plant where platinised asbestos is utilised, 
the platinum is frequently deposited from the platinic chloride by means 
of a formate solution according to the method originally suggested by 
Loew.^ 

The Tenteleff process utilises a series of coarse asbestos string mats 
some 2 feet by 3 feet in area, impregnated with platinum black, from 
twelve to twenty-five being used as the contact mass ; the quantity 
of platinum distributed on each mat varies from 60 to 65 grms. 

The Schroder-Grillo contact material^ is undoubtedly the most 
ingenious of any which are in operation, producing a very active form 
of platinum black and at the same time exposing a large area of catalytic 
surface. 

Partially calcined magnesium sulphate is sprayed 'v^ith a solution 
of platinum salt and heated up in the presence of sulphur dioxide, 
the reduction of the platinum being thus efiected. From 0*2 to 0-3 
per cent of platinum on the magnesium sulphate is sufficient to form 
an excellent contact material. With 5 grms. of platinum one ton 
of “ oleum ” can be produced per day with a loss of only 20 mg. 
of metal. 

Of the various other catalytic materials suggested, it seems that 
only burnt pyrites has actually been used on an industrial scale. By 
reference to the patent hterature, the problem of finding some other 
non-platinum catalyst more active than burnt pyrites is stiU the object 
of investigation. Amongst the more important materials suggested 
may be mentioned the oxides of copper, vanadium, uranium, chromium, 
nickel, and cobalt, frequently incorporated with aluminium, berylhum, 
zirconium, or zinc oxides, or the rare earths, such as didymia or ceria ; 
thus vanadium pentoxide when precipitated in a fine state of sub- 
division on silica is stated to be as elective as platinum.® It is of 
interest to note that oxide of arsenic itself, although a poison for 
platinum, is a comparatively good catalyst at somewhat higher tem- 
peratures.^ Water, on the other hand, inhibits the reaction very 
strongly by selective adsorption even up to 700° C. More novel is 
the suggestion to incorporate with the catalytic material some body 
which readily absorbs sulphur trioxide at the temperature employed, 
and disengages it again at a higher temperature. 

Yarious theories have been j3ut forward to explain the mechanism 
of the contact process ; it is usually assumed that the intermediary 
formation of the platinum oxide, PtO, or the more transitory and 
possibly hypothetical dioxide, PtOa, suggested by Wohler and Engler, 

^ Ben, 1890, 23, 289. ^ j Ohem, Ind., 1903, 22, 348. ^ q 291792 of 1913. 

* Lunge and Eeinliart, Zeitsch. arig&w, Chenu^ 1904, 1014 ; Koeppler, ibid.y 1908, 632. 
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plays the important role in this catalytic operation, according to the 
following cycle : 

(i,) 2Pt -f O2 — > 2PtO + 2SO2 — ^ 2Pt . 2SO3. 

(ii.) Pt -h O2 — > PtO. + 2SO2 — > Pt . 2SO3. 

Wieland, however, has laid stress on the hydration ” theory of 
chemical action. Since perfectly dry sulphur dioxide and oxygen do 
not combine, he represents the oxidation of the sulphur dioxide as 
subsequent to a previous hydroxylation : 

SOg + HgO — ^H^SOa, 

H2SO3 — SO3 + Hg, 

2H24-O2 — >2B[20. 

It may be urged in favour of this view that in those cases where inter- 
mediate products of oxidation can be isolated and analysed — especially 
in organic reactions where the hydroxyl groups can be fixed and char- 
acterised as soon as they are formed by the substitution of a suitable 
non-reactive grouping — ^the evidence for hydroxylation as a stage in 
oxidation is remarkably strong. 

It is extremely probable that adsorption phenomena exert a by no 
means inconsiderable influence on the rate of the reaction. 

With oxide catalysts such as oxide of iron it is generally assumed 
that the formation of an intermediary sulphate occurs according to the 
following cycle : 

7C 2Fe203 Hr 6SO2 + 3O2 — ^ 2Fe(S0^)3, 

( 2Fe203 + 6S03-« 1 

It is evident, however, by reference to the list of oxides suggested as 
suitable for technical processes, that practically only those elements 
are included which possess at least two oxides, and, as in many other 
catalytic processes, we are equally justified in ass umi ng the catalytic 
activity to be due to an oscillation between the two states of 
oxidation : 

EegOa + SO2 — > 2 FeO + SO3 

t O2 

^ ^Fe203, 

CeO. + SOg -> GeO+SOg 

■f 

It must also be admitted that the explanation formed on the inter- 
mediary sulphate ” theory is not very satisfactory in the light of the 
researches of Bodenstein and Suzuki,^ who showed that the first products 
of the distillation of ferric sulphate are SOg and Og, which then react 


>j^02 

CeOg. 


^ ZeUsc^, Elehtrochem., 1910, 16, 912. 
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in the presence of ferric oxide to produce SO 3 , whereas SO 3 should be 
the primary product on this hypothesis. 

Use of catdysts in the Hargreaves process. — Hargreaves and Robinson 
in 1870 introduced a method for the manufacture of salt cake (Na 2 S 04 ) 
by the interaction of pyrites burner gas and air on hot salt at 525°. 

Above 600° fusion of the salt occurs, thus setting a limit to the 
temperature for the reaction. To accelerate the reaction at low tem- 
peratures, various catalysts have been proposed, notably ferric oxide ^ 
and copper oxide. ^ 

It was suggested that the salt should be moistened with a solution 
of the sulphate of the metal so as to obtain an activated salt containing 
from 0*1 to 1-0 per cent of the metal. 

The experimental investigation of the influence of copper and iron 
salts was reported by Conroy.® The conclusions reached are thus 
summarised. Salt is decomposed by a mixture of sulphur dioxide and 
air at a temperature below 600° to yield sulphate and chlorine. De- 
composition in glass vessels is exceedingly slow. With addition of 
0*25 per cent of copper in the form of sulphate, reaction begins at 400° 
and increases in amount with temperature. 

The rate of action at 600° was roughly 50 per cent greater than at 
450°. Increased concentration of copper increased the rate of reaction. 
It was shown that 0-5 per cent of iron as sulphate was catalyticaUy 
equivalent to 0-25 per cent of copper. Magnesium and aluminium 
sulphates were ‘without action. With suitable gas" speed, reaction was 
quantitative, aU sulphur dioxide being retained. At higher speeds of 
passage, both chlorine and sulphur dioxide escaped. The conversion 
to sulphate could he carried to completion. 

In Conroy's view, the salts of copper and icon probably act by 
inducing the combination of sulphur and oxygen to form sulphuric 
anhydride, since, by inserting platinised asbestos in the inlet end of 
the reaction tube the ratio of the chemical equivalents of chlorine to 
sulphur dioxide and sulphur trioxide rose from 1 : 14 to 1:1. This 
method of worMng the process, viz. by passing a mixture of sulphur 
dioxide and air through vessels containing alternately a contact sub- 
stance to produce sulphuric anhydride and salt, was patented by Deacon 
in 1871.^ 

^ To check fusion, Clemm proposed ^ to admix clay with the salt, 
utilising copper oxide or ferric oxide to aid the reaction. 


The Oxidation oe Ammonia to Nitric Acid 

After the war the national interests, the increasing demand for 
nitric acid for growing industries in the various branches of organic 

^ Hargreaves, 1886. 

® Knihing and Denoncourt, 1897 ; Clemm, 1899 ; and Hargreaves, 1907. 

* J. 8oc, Gh&n, Ind., 1902, 21, 304. ^ B.P. 1908/1871. s ^ 15152/1899. 
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chemistry and as nitrates for fertilisers, as well as the rapid strides 
recently made in the economic production of ammonia both as a 
coal by-product and in the form of cyanamide and pure ammonia 
manufactured by the various synthetic processes, have all tended 
to make the technical operation of an ammonia oxidation plant 
not merely a war industry but an integral part of the economic 
development of the State, 

The pioneer work on this problem was accomplished by the French 
industrial chemist, Kuhhnann, in 1839, but until Ostwald and Brauer 
published their researches in 1903 no progress was made in the 
technical development of the process. 

During the last few years several systems have been developed on 
an industrial scale, yielding on an average an efficiency of conversion of 
from 90 to 95 per cent. Amongst the more important may be men- 
tioned those of Ostwald and Brauer, Frank and Caro, and that of 
Kaiser. Modifications and improvements of these German processes 
have been developed by the Allied Government Research Departments 
and by private firms during the period of the war, ejecting a combina- 
tion of the best features of the respective plants. 

The oxidation of ammonia is effected by the passage of an air- 
ammonia or oxygen-ammonia mixture over a catalytic material 
maintained at a suitable temperature. 

The oxidation may take place in two ways : the reaction of 
decomposition, 

4NH3 + 302=2N2-h6H20 + 301,000 cals., 
and the reaction catalytically accelerated, 

4NH3 -f 50^= 4N0 + 6H2O + 215,000 cals. 

Under the conditions of catalytic combustion the oxidation of 
ammonia is practically complete, as can be calculated from the Nernst 
heat theorem, assuming that the above equation is strictly reversible. 

The heat hberated in the combustion of 4 molecules of ammonia 
under the above conditions is 215,000 cals, at 17°. For a homo- 
geneous gas reaction we can calculate from Nernst’s equation the 
equilibrium constant 

TT = 

XV. j 

Pm 

loge = ^ + . log, r + ^ + 

where Qq and G^p are the heat of reaction and the specific heats of the 
reactants at absolute zero, the algebraic sum of the number of 
molecules, and i the integration constant of the vapour pressure formula. 

For Gqp we can approximate the value 3*5 given by Nernst. The 
chemical constants for O2, NH3, NO, H2O are 2*8, 3*3, 3*5, and 3*6 
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respectively, and Evi - - 8 A. Correcting the heat of combustion, viz. 
215,OCHl for a temperature of absolute zero, taking into account the 
change in the specific heat of the gaseous constituents with the tem- 
perature, will be found to he equal to 216,300 cals. 

For temperatures of oxidation between 500^ and 1000°, the range 
usually adopted in technical plants, or a mean of 800°, Oq^ + 2^T. 




800 


Hence 


, 216,300 „ 0-007^ 

l<3^io 4 * 57 : 7 ’ 1*75 log T+ T 8*4. 


For log we find 


T. 

log 

000° 

-108 

800 

- 71 

1000 

- 61 


It will be observed that even at 1000° the quantity of ammonia in 
equilibrium with the nitric oxide under these conditions is almost 
vanishingly small and quantitative yields should always result. 

In practice, quantitative yields are never obtained, for the following 
reasons : 

(1) The time of contact of the air, or oxygen-ammonia mixture with 
the active surface of the catalyst may be too long. Under these 
conditions the nitric oxide formed by combustion with the ammonia 
will commence to dissociate and establish equilibrium, according to the 
equation 



This equilibrium is likewise governed by the temperature of the gas 
and is the basis of the arc process of fixing atmospheric nitrogen. 

According to Nernst and Haber, the equilibrium amount of nitric 
oxide formed in air at 2000° is only 1*0 per cent varying to 10 per cent 
at 4140° but is practically negligible at the working temperatures of 
the ammonia oxidation process {circa 0*001 per cent NO at 800°). On 
the other hand, the velocity with which equilibrium is established is 
greatly increased by a rise in temperature, and the gas containing the 
high concentration of the nitric oxide produced by combustion of 
ammonia must be rapidly cooled to decrease the velocity of the normal 
decomposition. It is evident from this consideration that the catalyst 
should be maintained at a low temperature and that the period of 
contact of the gases with the catalyst be as short as possible. 

(2) Part of the ammonia may escape contact with the catalyst. 
Undecomposed ammonia present in the effluent gases will react with 
the nitrous acid formed on the condensation of the nitrogen oxides in 
water, with the liberation of nitrogen : 

NH3 4-HNOa-=N2 + 2H20. 
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Twice the amount of nitrogen originally present in the escaping 
ammonia will thus be lost. 

(3) Partial direct combustion to nitrogen may occur. 

Ostwald and Brauer’s process.— -This system has been largely de- 
veloped in Germany, whilst independent factories were estabhshed by 
the Nitrogen Products Co. at Vilvorde in Belgium, Angouleme in France, 
Dagenham in England, and at Legnano in Italy. As catalytic material, 
platinum foil is used in the form of a corrugated roll, about 2 cm. deep, 
50 grms. in weight, loosely inserted in the end of a nickel tube some 
2 metres long, and 9 cm. in diameter {sohd drawn nickel is said to be 
preferable to welded tube). The nickel tube through which the 
ammonia and air mixture {circa 5 per cent NH 3 ) passes is enclosed by 
an enamelled iron tube somewhat wider in diameter, the whole system 
thus acting as a simple form of heat interchanger. The ammonia-air 
mixture is thus heated up to a temperature of 650° before striking the 
platinum roll, which is maintained at 650°-700° by the heat of com- 
bustion of the ammonia. The flowing gases, consisting of nitric oxide, 
nitrogen, and residual oxygen from the air, which is added in excess, 
are cooled down, and, after sufScient time of storage to ensure that 
the oxidation of the nitric oxide to nitrogen dioxide is complete, are 
passed into the nitric acid absorption towers. 

Frank and Caro’s process. — The disadvantages of the original 
process, namely, the lack of control of the catalyst temperature and 
the relatively large amount of platinum required to produce a given 
quantity of nitric acid (50 grms. will only produce some 30 tons per 
annum), led Frank and Caro to construct a form of converter in which 
a more economical utilisation of the catalyst (in this case platinum 
also was used) was attempted. 

The converter of rolled aluminium consisted of a rectangular column 
containing baffle plates equally spaced and terminated by a conical 
hood of the same material. ' A fine platinum gauze (80 linear meshes 
to the inch of wire 0*0026 inch diameter) was stretched across the con- 
verter column, and by means of silver leads could be maintained at a 
uniform temperature {circa 650°) by the passage of an electric current. 
With the catalytic material in this form a somewhat richer air-ammonia 
mixture (9-11 per cent) could be dealt with and the converters con- 
structed in considerably larger sizes. Technical units have been con- 
structed up to 1 square foot in cross-section, whilst in America experi- 
ments on still larger units have been carried out. The output per 
square foot of catalyst surface is approximately 700 kilogrms. of nitric 
acid per 24 hours, whilst the weight of platinum is less than 40 grms. 
per square foot. The yield is stated to average 92 per cent. 

Kaiser’s process. — ^From 1911 to 1916 Dr. Kaiser, as a result of 
investigations carried out on a technical scale at Spandhau, near Berlin, 
put forward somewhat startling claims for a process developed by him . 

In this process the single layer of platinum gauze is replaced by 
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four separated layers of similar material, tlie total thickness not 
exceeding 0-5 to (>6 mm. Electrical heating is dispensed with, and 
the air prenous to admixture with the ammonia is preheated by means 
of a coke fire to 300^^-350°. Kaiser’s original claims of efficiencies, 
exceeding 100 per cent owing to the simultaneous autoxidation of 
atmospheric nitrogen, have now been shown to be fallacious, and it 
appears possible that these were advanced only to overcome certain 
difficulties attached to the patent protection of his process. 

The process was installed in a somewhat modified form by Saposh- 
nikoff atKharkofi in Russia, where an overall efficiency of over 92 percent 
has been claimed. Recent experiments have also indicated that higher 
rates of gas flow and a consequent greater output per square foot of 
converter area are obtainable with multiple gauzes, although the actual 
output per grm. of platinum is somewhat lower. The average yield 
per square foot of converter area with two gauzes per ^24 hours is 1-5 
to 1*8 metric tons of nitric acid (in ail cases calculated as 100 per cent). 

Small plants using two or more gauzes are already installed in 
England for the supply of oxides of nitrogen in vitriol chambers and 
are giving 95 per cent yields continuously. 

In modern plants preheating of the gas mixture is employed. It is 
found that the optimum temperature of the platinum gauze is ca, 1100 °C. 
Taking the mean specific heats of the products of oxidation as follows : 

N2-6*88 02=4*00 NO = 7*50 H20 = 9*20, 
the heat content of a 1 : 11 NH3 air mixture after combustion will be 
{8*69N2 + 1*0602 + 1‘5H20 + N0}T = 85*8 T. 


Hence, since the final temperature must be 1100° C., and since 54,000 
cals, are evolved per grm.-mol. of ammonia burnt, we obtain 


1100 - 


54,000 

85*8 


= 360° 


C. 


as the optimum temperature of preheating. 

A modem form of technical converter unit shown in the illustration 
(Fig. 9) is described by Partington^ as follows : It consists of a top and 
bottom cone, with three rectangular body pieces between them, aU in 
cast aluminium 4 inch thick, the rectangular area exposed measuring 
4 inches by 6 inches. The pieces are provided with flanges, J inch 
wide, to facilitate bolting together, and three perforated baffles are 
inserted in all the junctions except that between the top cone and the 
fcop segment of the body, which is occupied by the catalyst frame. 
Though each cone possesses a sight orifice, IJ inch in diameter, for 
reasons of standardisation, that in the top cone alone is used, and is 
provided with a mica window for inspection of the catalyst. Aluminium 
bends of 2 inches internal bore provide inlets and outlets for the mixture 

1 J. So&. Ghrni. I-nd., 1918, 37. .337. 
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of air and ammonia at the bottom, and the oxides of nitrogen at the 
toj>. respectively. The overall length of the converter is about 4 feet 
and its weight is about 32 lbs. 

The air supply is obtained from a blower, and it is essential that 
the air and ammonia should be well mixed. If ammonia gas is used, 
it may be injected into the air stream through a nozzle, after both 
gases have been measured. In technical practice it is more convenient 
to use purified ammonia liquor containing 25 per cent of a,mmonia, 
which is now a commercial article. The air is passed, together with a 
small amount of steam, into the base of a coke tower down which 
this liquor flows. The mixed gases are cooled in the upper portion of 
the tower, where the steam is condensed. The mixture of air and 
ammonia should be filtered, either by passage through a length of coke 
packing in the upper portion of the tower or through a filter packed 
with glass wool, which removes particles of dust. Oxide of iron 
particularly must be eliminated, as this has a deleterious effect on the 
platinum catalyst. 

The most important part of the apparatus is the catalyst, which 
is fixed between the upper cone and body segment. It consists of one 
or more gauzes made of pure platinum wire, stretched across the con- 
verter at right angles to the gas flow. The wire used is 0*0025 inch in 
diameter, and is woven into gauze with 80 meshes to the inch. The 
gauzes are mounted in an alunainium frame. The reaction occurs 
during the very small interval of time in which the gases are in contact 
with the catalyst. 

The operation of the catalyst must be initiated by heating the 
gauze, either by means of a non-luminous gas flame or by heating 
electrically with suitable current conducted through leads attached to 
the opposite edges of the gauze. When the first method is used, an 
orifice is provided in the upper body segment just below the gauze, 
which admits of the introduction of the flame, and is closed when the 
converter is in operation. The converter figured is provided wdth leads 
for electric current. When the reaction begins, the gauze is maintained 
at a red heat by the heat of oxidation, and the conversion proceeds 
uninterruptedly as long as the supply of air and ammonia is maintained. 
The platinum gauze may be used for about three months, after which 
it is desirable to replace it by a new gauze and to clean and refit. New 
gauzes are not very active at first, but acquire their full catalytic 
activity after a few hours’ running. 


The Catalysts employed in the Oxidation oe Ammonia 

PlatmuHL. — It will be noted that all existing technical ammonia 
oxidation plants employ platinum ^ as a catalyst, and many interesting 

^ Recent information from Germany indicates that the use of non-platinum catalysts has 
been largely devdoped during the last two years. — ^E. K. R. 
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observations have been made as to the catalytic activity of platinum 
for this purpose. Kuhlmann, in 1839, first noted that platinum sponge 
was more efficient than platinum black for the production of oxides of 
nitrogen, but that larger ^fields of nitrogen were obtained with the 
latter. Bright platinum is scarcely active. Ostwald and Brauer ^ 
continued Kuhlmann’s researches and showed that the optimum results 
were obtained when bright platinum was coated with an almost in- 
visible film of grey or black platinum and that only a short period of 
contact was necessary, t.e. 0*01 second. Schick, in 1907, noted that 
platinised porcelain, of which the glaze was slightly fusible, permitting 
the coalescence of the platinum into minute droplets, was extremely 
active, and recent photomicrographic investigation of platinum gauze 
also indicates that there is a gradual increase in catalytic activity 
associated with the formation of minute craters on the metal, the lip 
of each crater being just tinged with grey ’’ or '' black ” platinum. 
By the use of such an active net the period of contact may be reduced 
to as low a figure as 0*0006 second. The illustrations (Fig. 10) given 
show the changes in structure of a gauze during use. 

It seems probable that the black or grey platinum is the active 
catalyst, but when present in large quantities it is liable to cause the 
formation of nitrogen either in the primary oxidation of the ammonia, 
or, as seems more probable, due to secondary decomposition of the 
nitric oxide. 

Poisons. — Small quantities of hydrogen sulphide rapidly poison the 
catalyst, but when the impure gases are replaced by purified ammonia- 
air mixtures a partial recovery of the poisoned catalyst always results. 
In the other cases of poisoning this process is, however, quite irreversible. 
As an example the following data for acetylene poisoning may be noted : 


Time. 

Per cent 

Volume per cent 
Acetylene. 

Minutes. 

yield. 

0 

93-0 

0 



Added 0-44 

20 

92*8 


26 

91*4 


32 

87-8 


38 

72-3 



Impurity removed. 

78 

71-9 

— 

200 

71-4 

— 


Whilst both hydrogen sulphide and acetylene are removed from the 
platinum surface and thus do not efiect poisoning by covering the 
surface, they effect a partial fusion and crystallisation of the surface 
and thus diminish the catalytic activity. 

Phosphine exerts a marked partially reversible poisoning action ; a 
content of only 0*00002 per cent by volume will reduce the yield by 
no less than 20 per cent. On recovery a net yield of 80 per cent as 
compared with an original of 93 per cent can be obtained. 

^ Chem. Zeit., 1903, 27, 100. 
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It is somewhat remarkable that hydrogen sulphide, which is feebly 
toxic in itself (1-2 per cent being required to exert a diminution of 

Photomiceogbaphs of Platinum Gauze 


I. ji 

-z 


After some weeks’ use. 


After some weeks use. 

Fig. 10. 

[JB^ permission of Messrs, Brunner Mond & Oo., Ltd. 


10 per cent in the yield), exerts a curiously protective effect against the 
action of both acetylene and phosphine. Thus a mixture of gas con- 
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taining as impurity 0*38 per cent C2H2 and *00002 per cent PH3 will 
reduce the yield from 93 to 70 per cent in one hour. On the addition 
of 0*02 per cent of HgS the yield commences to rise and will reach 
86 per cent in less than two hours. 

Non-volatile impurities, e,g, silica, ammonium phosphate, dust, 
oxide of iron, and the hke, must naturally be rigorously excluded. 
Probably for this reason platinum impregnated on pumice or asbestos 
has a remarkably low efficiency. 

Non-platinum catalysts. — Kuhlmann, in 1839, noted the catalytic 
activity of oxides of copper, iron, and nickel for this purpose, whilst 
Du Motay ^ proposed the use of alkaline manganates, permanganates, 
bichromates, and plumbites. 

Ostwald and Brauer, in the series of researches previously alluded 
to, indicated the activity of the oxides of manganese, lead, silver, 
copper, chromium, nickel, cobalt, vanadium, and molybdenum, but 
stated that they were aU inferior to platinum in catalytic activity. 
Frank and Caro ^ proposed the use of ceria and thoria, whilst Wendriner 
suggested the black oxide of uranium, UgOg. 

During the period of the war, research in the utilisation of non- 
platinum catalysts has been extremely active, especially in America 
and Grermany, where the dearth of platinum was somewhat acute. 
Although no non-platinum catalytic process has been assured of 
technical development,^ nevertheless the results pbtained on a small 
scale are sufficiently encouraging to justify their continuance. 

Jones and Morton in the United States havereinvestigated Du Motay ’s 
alkaline plumbites, especially those of magnesium, zinc, cadmium, and 
aluminium, with success. Their reactivity towards metals and all forms 
of glass and silica at high temperatures is the chief objection to their use. 

In England, Maxted^ has investigated the use of oxides of iron 
admixed with certain promoters such as copper oxide, lime, or bismuth 
oxide. He has shown that the conversion of ammonia-oxygen mixtures 
can be accomplished in heated tubes, specially “ activated ” on the 
inside, with more than a 90 per cent efficiency. The short life of the 
catalyst under these conditions is the chief drawback to his process. 
The use of oxygen instead of air is obviously only permissible in con- 
junction with a synthetic ammonia plant in which the oxygen fraction 
from the liquid-air plant used in the preparation of the nitrogen would 
be available. 

The Badische firm in Germany have investigated the efiect of a 
great number of promoters on active or feebly active catalysts, such as 
tellurium and lead oxides on platinum, bismuth, chromium, and cerium 
oxides on iron oxide. 

The yields under approximately identical conditions for a number 
of such mixed oxide catalysts are given in the following table : 

1 B.P. 491/1871. I).R.P. 234329. 

® See ante^ p. 170. ^ J, Soc. Chem. 1917, 36, 777. 
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3Iixetl oxitles 

Per cent yields. 

Mixed oxides of 

Per cent yields. 

Fe 

. S3-5 

FeSb 

. 82*5 

FeBi . 

. 94-6 

FeUr 

. 82-0 

FeCu . 

. 92-0 

FePb 

. 89-8 

FeCe 

. 90-0 

FeMn , 

. 79*0 

FeW . 

. 89*3 

FeZn 

. 67-0 

FeTh . 

. 87-3 

FeCa 

. 64-0 

FeK . 

. 83-0 




It will be at once evident that “ oxygen carriers ” appear to be the 
ine qua non for ammonia oxidation, and the enhanced activity of 
Inary and ternary mixtures of the oxides of those elements which 
lossess at least two or more well-defined oxides indicates some relation- 
hip in this case between the catalytic activity and the presence of an 
scillating higher and lower oxide functioning as an oxygen carrier, 
'he presence of a number of oxides evidently increases the temperature 
ange of catalytic activity by affecting the stability of the oxides. 

It is interesting to note that chromium oxide ex chromium salts is 
Tactically inert, but the oxide obtained by the ignition of ammonium 
ichromate exerts a very marked catalytic activity. 

The observation of Ostwald and Brauer, namely, that the period 
f contact with non-platinum catalysts must considerably exceed that 
ecessary for platinum, has been repeatedly confirmed. The practical 
ifficuities associated with the uniform heating, and at the same time 
nsuring a uniform stream-line flow through a shallow bed of small 
riquettes or powders of such materials, also presents grave technical 
isadvantages. These, however, seem to have been overcome in 
ertain German factories. 

The Oxidation of Hydrochloric Acid 

For the manufacture of bleaching powder, by the absorption of 
hlorine gas in slaked lime, large quantities of chlorine are annually 
cnsumed, and consequently the economical production of chlorine 
ecomes one of the serious problems confronting the alkali industry in 
B course of development. 

In 1823 the Leblanc soda process was introduced into England by 
[uspratt. At first the hydrochloric acid resulting from the salt-cake 
rocess was turned into the air, but, owing to the pressure of the 
.Ikali Acts of 1863 and 1874, as well as the serious competition of the 
olvay ammonia-soda process introduced in 1866, the utilisation of 
ydrochloric acid in the most profitable manner became necessary to 
asure the financial stability of the older Leblanc process. With the 
icreasing extension of electrolytic methods for the production of soda 
Dm salt and the displacement of bleaching powder by liquid chlorine 
t the industries, it appears possible that the final development of these 
recesses has now been reached. 

The Deacon process. The possibilities inherent in the oxidation of 
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LydrocHoric acid by means of atmospberic oxygen attracted tbe 
attention of inventors at a very early date, notably Oxland in 1840, 
Vogel and Thibierge in 1855, and Binks in 1860. It was not, however, 
until 1868 that H. Deacon and F. Hurter established the process as a 
satisfactory technical industry. 

In its earliest form the hydrochloric acid from the salt-cake pans 



was mixed with four volumes of air and passed through iron super- 
heaters to the contact chambers. The contact chambers or decom- 
posing towers were iron cylinders about 12 feet wide filled with broken 
clay brick impregnated with cuprous chloride (Fig. 11) (the brick 
containing from 0*6 to 0*7 per cent of copper as the chloride), main- 
tained at 500° by the waste heat from the superheaters. About two- 
thirds of the hydrochloric acid was found to be oxidised according to the 
equation 


4HCl-h02-2H20 + 2Cl2. 
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Condensation of the steam and unchanged hydrochloric acid was 
effected in earthenware pipes, whilst the residual 5 per cent to 10 per 
cent of chlorine gas was dried in sulphuric acid prior to absorption in 
slaked lime. 

Several technical difficulties were inherent in the earlier plants, 
notably the loss of most of the pan acid ” and all the " roaster acid ” 
from the Leblanc process, the impossibility of obtaining a continuous 
supply of gas, the rapid poisoning of the catalyst, and the very indifferent 
yields obtained. 

Hasenclever, in 1883, introduced the method of purifying the 
hydrochloric acid by absorption in water and blowing the purified gas 
out again by air in the presence of sulphuric acid. A sulphuric acid 
drier for the gases prior to passage through the superheater was simul- 
taneously introduced. By this method a continuous supply of pure 
gases free from poisons such as sulphuric acid, EeClajSO^jAsaOg, and 
carbon dioxide was thus obtained. The life of the catalyst was extended 
to from ten to twelve weeks, and more than 12 tons of bleaching powder 
could be prepared with the loss of only 1 ton' of impregnated clay. 
Subsequent improvements in the yield were made as a result of the 
investigations of J. H. Harker,^ Lunge and Marmier,^ G. N. Lewis,^ 
and Vogel v. Falckenstein.^ 

It was evident that the prpcess involved the partition of hydrogei 
between oxygen and chlorine, the reaction 

4HCi + 0a:;±2Cl2 + 2H20 


being strictly reversible. Also the function of the cuprous chloride 
vas shown to be purely catalytic in establishing the equilibrium at the 
i;emperature of operation. 


cko.Cci; 


at different 


The values of the equilibrium constant K- 

^HGl • D02 

emperatures were investigated, using the dynamic method by von 
f’alckenstein, who passed different gas mixtures of the four constituents 
ver cupric chloride and platinic chloride catalysts, maintained at 
cdtable temperatures in an electric furnace. G. N. Lewis utilised the 
iatic method, obtaining equilibrium when commencing with mixtures 
f hydrochloric acid and oxygen. 

The following results were obtained : 


Temperature. 

352 ° 

356 

419 

450 

600 

650 


^ Zeitsch. p^fsik(d, Ohem,t 1892, 9, 673, 
® J, Amer. Ohem, 8oc,, 1906, 28, 1380. 


log K, 

243 

1-90 

1-52 

1*40 

0 

-04 

2 Zeitach. angew, Chem., 1897, 108. 

* Zeitach. physikal, Chem., 1909, 65, 371. 
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If the heat of reaction Q (13,800 cals.) be assumed to be in- 
dependent of the temperature, Lewis showed that the values of K at 
various temperatures could be calculated from the foBowing equation : 


logio 


6036 


7*244. 


The reaction may of course be considered as the combination of 
two simpler reactions ; 

2H20^2H2-h02, 

2HCl Y> Ho-hCL; 

if and 

PhCI 

then logio A" = 2 logjo - logio Kv 

Adopting Nernst and Wartenberg's figures for the dissociation of water 

vapour at high temperatures : 


logic Ai = ^2y^-tl*751ogio ^ + 0*00028 T-0-2, 


and employing for Ag the value from the corresponding investigations 
of Dolezalek and Lowenstein on the dissociation of hydrochloric acid : 


it follows that 


. ^ 9626 

logio^2 = -^-0-8, 


5790 


logio-K' = ^- 1-75 log 2’-0-00028 T-hi. 


Either of the above equations gives values of K which approximate 
very closely to the observed values. Nernst ^ gives the following 
calculated values, in close agreement with the determinations of 
V. Ealckenstein : 

Temperature. log T. 

450° 1*50 

600 - 0-009 

650 -0-430 


The fractional conversion of hydrochloric acid in dry air into chlorine 
can be calculated in a similar manner to that detailed in the oxidation 
of sulphur dioxide by the contact process. If x be the percentage of 
the hydrochloric acid, it is easily seen that 

Chci-C^, 2(l-a;)0^; 

Excess of oxygen is thus beneficial to the yield of chlorine, but the 
conversion is not appreciably afiected by slight alterations in the air 


Application of Thermodynamics to Chemistry ^ 89. 
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Qpply owing to the dependence of the equilibrium on the fourth root 
f the oxygen pressure only. 

The increase in the values of K with decrease in temperature pointed 
3 the necessity of finding suitable catalytic material for increasing the 
faction velocity at low temperatures. No catalyst has as yet been 
}Uiid superior or even equal to Hurter and Deacon’s cuprous chloride, 
rith pumice impregnated mth cuprous chloride Lunge and Marmier 
>und that catalysis was already commencing at 310°, but the reaction 
elocity tvas still very slow below 400°. At 450°-460° the reaction 
elocity is sufficiently rapid to give a satisfactory yield under technical 
'orking conditions. 

Hurter suggested the use of cuprous chloride from a survey of the 
eats of formation of the chlorides and oxides of the various elements, 
lowing that no other element except copper formed oxides and 
ilorides in "which the combination was of so loose a character.^ The 
lechanism of the reaction according to Deacon is based on the following 
rcle ; 

2CuCi2-Cu2Cl2 + Gl2, 

Cu2Cl2-}-0 = Cu0.CuCl2, 

CU2CI2O -f 2HC1 - 2CUCI2 + H2O. 

evi and Bettoni, as the result of a series of experiments with various 
italysts,^ such as CuCl2s CUSO4, MnClg, MgCl2, and hot pumice, 
Tived at the conclusion that the extraction of water was the chief 
nctionof the catalyst, and that temporary hydrate formation played an 
iportant role in the process : 

CUSO4 + 2HC1 4- O2 = CuS04,H20 + CI 2, 

GuS 04,H20 - GUSO4 + HgO. 

ibsequently the oxychloride, CuO . CUCI2, was isolated and the original 
ews of Deacon and Hurter received further support in the discovery 
at most substances capable of forming oxychlorides were catalytically 
tive. There is some evidence, however, that the whole of the 
talyst is not converted to the oxychloride at any stage in the 
oce^, suggesting that the oxide ion enters here and there into 
e lattice of the cuprous chloride, and is then again replaced. 

V. Ealckenstein drew attention to the necessity of carefully drying 
e gases before catalysis, and he showed that if the effluent gases 
ire dried by sulphuric acid and again passed through the catalyst the 
nversion would rise from 82*5 to 85 per cent, and on a further passage 

HCl 

88 per cent, owing to the shifting of the equilibrium ratio, by 

GI2 

e abstraction of the water formed during the reaction. 


' J. 80 c. Chan.. Ind., 1883, 2, 106. 


* Gazzetia. 1905, 351 j 320. 
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Tile two tecliiiical difficulties associated with the use of cuproi 
chloride as a catalyst are its sensitiveness to poisons and its volatilit 
at the lowest working temperature, 450°. 

Hasenclever’s method of purification of the hydrochloric acid efieci 
a very considerable improvement in the purity of the gas, but sulphi 
dioxide, as well as sulphuric acid spray, are not entirely eliminatec 
Kolb, in 1891, suggested the further purification by passage over he 
salt maintained at 450°, whereby sodium sulphate was formed, and 
small additional quantity of hydrochloric acid would pass on with th 
main gas stream. 

Less volatile but more inefficient catalysts than cuprous chlorid 
have been proposed from time to time, but owing to the bad yield 
resulting from the higher temperatures employed they have not foun 
technical application. 

Amongst the more important may be mentioned ferric chlorid( 
suggested by Thibierge in 1855, and platinised asbestos, by Weldor 
1871. Hargreaves and Robinson (1872) suggested chromic oxidt 
De Wilde and Reychler mixtures of manganese and magnesiur 
chlorides, in which a complex oxide was assumed to be an intermediar; 
in the cycle of reactions : 

SMgClo -f SMnClg + 4O2 - MngMgaOg + 6CI2, 

MusMgaOg + 16HC1 = SHgClg + SMnClg + 8 H 2 O + 2 CI 2 . 

Ditz and Margosches, in 1904, employed the chlorides of the rare earths 
whilst Diefienbach, in 1908, suggested the double chlorides of coppe 
and other elements. 

Mond^ put forward a somewhat ingenious scheme to obtain mor 
concentrated chlorine gas than that obtained in the usual Deacoi 
process. If air and hydrochloric acid be passed alternately over heate( 
nickel oxide deposited on pumice, the oxidation of the hydrochlori 
acid can be made a two-stage process through the intermediary forma 
tion of nickel chloride, which is reconverted into the oxide by the aii 
The idea does not seem to have been developed. 

The Weldon process. — ^In 1869 W. Weldon^ introduced, at St. Helens 
a process for the oxidation of hydrochloric acid in solution. At one tim 
the process had a very considerable industrial importance, but i 
now being supplanted by modifications of the Deacon process ahead] 
described. 

Weldon’s process sufiers from the disadvantage that nearly 60 pe 
cent of the original hydrochloric acid is lost in the form of caloiun 
chloride, in addition to 3 per cent by weight, on the chlorine obtained 
of the catalyst, manganese dioxide (pyrolusite) ; but its developmen 
was doubtless due to the great advantage it possessed over the Deacoi 
process, in that the chlorine gas evolved was very concentrated. Th 
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method of technical operation is as follows : hydrochloric acid, approxi- 
mately 30 per cent strength, is first oxidised by means of manganese 
dioxide : 


MnOg -f 4HC1 = MnCla + Clg + 2 H 2 O- 


The spent manganese chloride solution is then carefully neutralised 
with limestone, and after removal of any ferric hydroxide by pre- 
cipitation, is made alkaline by the addition of milk of lime, 30 per cent 
in excess of that required to precipitate all the manganous hydroxide 
being added : 

MnCl^ + Ca(OH )2 - Mn(0H)2 + CaClg. 

The Weldon “ mud ” is now aerated at 50°-60° for several hours, 
calcium manganate being finally precipitated : 

2Mn(OH)2 4- O 2 + Ca(OH )3 = CaO . 2Mn02 + SB.^0. 

On the addition of more manganous chloride and lime during the 
process of aeration, a further oxidation ensues : 

2CaO . MnOg + 2Ca(OH)2 + 2MnGl2 4- Og 

= 2(CaO . 2Mn02) 4- 2CaCl2 4- 2 H 2 O. 


It will be noted that when the regenerated manganese dioxide is used 
for the oxidation of a fresh quantity of hydrochloric acid a very con- 
siderable quantity of free base has first to be neutralised, thus again 
lowering the conversion efficiency of the process. 

The mechanism of the process depends essentially on the use of the 
manganese salt as an oxygen carrier. Although we can show from 
the previous considerations in the Deacon process that atmospheric 
oxygen should be able to displace the chlorine from even weak solutions 
42 l^hydrochloric acid, no active catalyst for. this reaction has yet been 
fou!ld>...^ we extrapolate from v. Falckenstein’s figures, the probable 
[H,0][CI,] 

solubility of chlorine gas under 1 atmosphere is about 1 grm. per litre, 
and of oxygen under two-fifths of an atmosphere 0*007 grm. per htre, 

rcul 

^ in a liquid saturated with both gases at the respective 


value of X=- 


s- at 0°, we obtain a value of X'=10'^. The 


or 




[H^O] 


ao^x 0*085 -CalO®. 


pressures approximately. Hence 

That is to say, the dilution below which atmospheric oxygen would be 
inoperative in displacing chlorine from hydrochloric acid is remarkably 
small. 

Weldon relied upon the preparation of a more active oxidising 
agent than atmospheric oxygen, so that the oxidation of the acid might 
proceed at reasonable velocities. The method by which the oxidising 
power or oxidising potential of atmospheric oxygen is raised above its 
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normal value at the expense of the energy lost in the combination of 
the acid with the free alkali, is an interesting one. 

We may write the oxidation reaction as follows : 

Mn02 + 2H20 :^Mn(0H)2-f 2(OH)' + 2 ©:;± 

Mn • + 2(OH)' + 2(0H)' + 2©. 

The potential difference between an (Mn02) electrode immersed in the 
Weldon mud and the solution itself is given by the equation 


^ ^ RT, [MnOglHoOP RT , 


since [jMnOg] and [HoO] can be assumed to be constant. 

If this electrode be coupled up with an auxihary oxygen electrode 
in a neutral solution, neglecting the P.D. at the boundary of the 
Weldon mud and the electrolyte surrounding the oxygen electrode, 
the E.M.F. of the cell thus set up is obtainable from the following 
relationship : 


PtO, 


Mn(OH)2 


MnO^Pt 


F=5i-®,= 5o + ^log 


2€ 


^2 


Co" 


Vfo-i. 


BT . H-i 
■®o— ^ log. 


’ Mn * 


The value of Eq is approximately 1*22 volts, taking ^ as 1 atmosphere 
and a neutral electrolyte. 

The value for E'q can be obtained from the investigations of Tower,^ 
Inglis,^ and Haehnel,^ and may be taken as equal to the value E'^ = 1*35 
volts. 

Hence : 

.B, - 1-22 - 1-35 + ^(log H-2 - log 


RT ^ Mn* RT ^ .•/rx-cr/vo 1 

= -0*13 + — log -0*13 + — log Mn (OH f ^ 


.2’ 


where c is the value of the product Ch* Cqh' = in pure water. 

In a neutral solution the solubility coefficient Mn**(0H')2 = 4 x 10"^^ 
approximately. 

Hence : 


4 ^ 10-14 

Ej^-^E^=- 0*13 + 0*029 log = - 0*13 + 0*45 = 0*32 volt. 


’(0*5xl0-^^)2 

In a similar manner we can calculate the P.D. of the cell in normal 
hydrion concentration and with a normal Mn*‘ concentration : 


r^m Tirp 

7= -0-13 log Mn" - ^ X 2 log H- = - 0-13. 

2€ ° 2e 


ZeitscK physiJcal. Chem., 1895, 18, 17, 18. ^ ZeiUch. Shhtroc^em.t 1903, 99, 226. 

3 26tU,.1909, 15, 834. 
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For a normal Mn**’* concentration tlie P.D. would obviously be much 
greater. 

Thus in acid solutions the oxidising potential of the Mn02 electrode 
exceeds that of atmospheric oxygen and necessarily that of chlorine, 
since in ^^-hydrion concentration the cell, Pt02 1 Olg | Pt, has an E.M.F. 

ri=T'o+~ log = 1-493 -1-35 =0-14 volt, 

vpo%(pcvf 


indicating that the manganese '' mud has an oxidising potential at 
least 0*27 volt higher than the liberated chlorine, thus giving a measure 
of the energy available for oxidation of the hydrochloric acid. In 
neutral solutions the manganese mud possesses an oxidising potential 
inferior to that of oxygen or of chlorine. 

In actual practice more alkali has to be added than is necessary 
to ensure the oxidation of the manganous salt. In the early experi- 
ments of Weldon, red solutions were occasionally obtained during the 
process of oxidation, and it was found that the quantity of manganese 
dioxide formed during aeration was very small. It was finally shown 
that the red colour was due to the formation of manganous manganic 
oxide, owing to a deficiency of base, according to the interaction 


where 

or 


MnOa + iHgO :^pn203 OH' -f 

” e ^ (Mnj03)H0H') 

/? T TT' 

E^E^^ — \ogO^. 

® ® Mn 


Other processes for the oxidation of hydrochloric acid. — Owing to 
the inefficiency of the Weldon process from the yield point of view, the 
inventor and Pechiney experimented for many years on the production 
of chlorine by the aid of the following cyclic process : 

4MgCl2 + 2H2O + O2 - 4MgO + 4HC1 + 201^, 

Mg0+2HGl-MgCl2 + H20, 

A pure magnesium chloride was not utilised, but the crude liquor after 
evaporation was mixed with the required amount of powdered magnesia 
to form the oxychloride, MgO . MgClg, prior to drying at 300°. The 
chlorine and hydrochloric acid together with some steam were removed 
by an air blast at 1000°. 

Another ingenious process which has been the subject-matter of 
various patents involves the following cyclic process, in which oxides of 
nitrogen play the part of catalysts, as in the sulphuric-acid lead-chamber 

process: 3HCl+HN03 = Cl2-f NOCl-f2H20, 

HN03 + N0C1=N204 + HC1, 

NjOt + 2 HCI 1 = F3O3 + H3O + CI3, 

N203+Oii+H20=2HF03. 
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This idea, developed by Dunlop in 1849, together with the Weldon- 
Pechiney process outlined above, does not appear to have received any 
considerable technical development. 

The Ebactional Combustion of Hyoeogbn Sulphide 

We have already indicated the technical significance of the catalytic 
processes employed for the oxidation of sulphur dioxide to sulphuric 
anhydride. A great part of the dioxide utilised for this purpose is 
derived from the combustion of natural sulphides, especially pyrites 
and blende, or from artificial sulphides such as gas-works spent oxide, 
yet a certain quantity is always obtained from the combustion of 
I elementary sulphur. In 1882 Claus introduced a method for the 

I fractional combustion of hydrogen sulphide into sulphur and water, 

I ' thus preparing sulphuric acid by a three-stage process : 

(1) 2H2S + 02-2H,0 + 2S, 

( 2 ) 28 -^ 202 - 2802 , 

(3) 2S02-f02 + H20 = H2S04. 

It has been suggested that the combustion of hydrogen sulphide to 
sulphur dioxide could be accomplished in one stage, which, in the 
presence of excess of air, could be used directly for the preparation of 
sulphuric acid. This idea does not seem to have received any technical 
development, chiefly on account of the very large quantities of diluent 
nitrogen present in the resulting sulphur-dioxide gas mixture. 

The Claus process, however, in the hands of A. M. Chance, has 
been developed, and at the present time is the most satisfactory method 
of dealing with the alkali waste of the Leblanc soda process. 

Alkah waste contains some 40 per cent of calcium sulphide, 20 per 
cent of calcium carbonate, and 10 per cent of lime, the residue consist- 
ing chiefly of silicates with small quantities of sodium carbonate and 
iron sulphate. Chance modified Gossage’s (1838) process for the pro- 
duction of a gas rich in sulphuretted hydrogen by decomposition with 
carbon dioxide. Carbon dioxide from lime-kilns is passed through a 
set of carbonating towers through which a suspension of alkah waste 
flows in the counter-current direction. In the first tower sulphuretted 
hydrogen is evolved according to the equation 

CaS + H 2 O -f GO 2 - CaCOg -h HgS. 

The hydrogen sulphide diluted with the nitrogen in the original lain 
gas passes to the second tower, in which the hydrogen sulphide is 
absorbed, with the formation of calcium hydrosulphide : 

CaS4-H2S-H2CaS2. 

On carbonating this solution a gas containing twice as much hydrogen 
sulphide as was obtained from the first tower is evolved and collected 
in gas-holders over water covered with a layer of oil. 
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The sulphuretted hiydrogen thus obtained, of about 38 per cent 
purity, is mixed with air in the proportion of 5 volumes of gas to 4 
volumes of air and passed into the Claus kiln for fractional combustion 
into sulphur and water vapour. 

The Claus kiln consists essentially of a fire-brick cylinder containing 
a grating on which the catalytic material, usually bog iron ore (hydrated 
ferric oxide ignited at a low temperature), is deposited. The com- 
bustion is started by throwing a little red-hot coal into the furnace 
and is maintained by the heat of the reaction itself. The temperature 
of the eflowing gases, one foot from the kiln, should not exceed 300°, 
otherwise a loss of sulphur occurs. The hot gases are subsequently 
passed into a series of condensing chambers, where part of the sulphur 
condenses to the liquid state, and the rest is recovered as flowers of 
sulphur in the condensed steam. 

In order to minimise the loss of sulphur compounds (HgS or SOg) 
in the effluent gases, the exact theoretical ratio, HgS : Og, required for 
combustion in the entering gases must be maintained. The temperature 
of the catalyst is mainly determined by the speed of passage of the gas.^ 

Various other catalytic materials for this combustion process have 
been utilised, such as broken fire-brick, bauxite, and dried Weldon 
mud. There are, however, two distinct advantages in making use of 
an active catalyst which will operate at low temperatures. First, the 
life of the kiln and the condensing chambers is considerably shortened 
by high temperature operation, and, secondly, above 200° an interest- 
ing reverse reaction between the sulphur and the steam formed begins 
to take place with appreciable velocity : 

2H20 + 3S:^2H2S + S02. 

It is extremely probable that the flowers of sulphur recovered in the 
condensed water do not originate in the original condensate of sulphur 
vapour from the combustion process, but result from the interaction in 
solution of the sulphur dioxide and hydrogen sulphide formed in the 
lower parts of the kiln and in those condensers which are above 100° 
to 200°. 

The catalytic activity of oxides of iron and manganese in the Claus 
process is usually attributed to the property these elements have of 
formng more than one oxide, thus permitting the assumption of an 
oscillating oxide acting as oxygen carrier : 


■i 


— ^ 035* 61 

1 

H,S — 

1 

> FegOg 

Y 

^H^S. 


Some experiments by the writers, however, indicate that iron sidphide 
is an intermediary compound in the process of oxidation, and that the 

^ Bee, however, Carpenter and Linder, J. Soo, Ghem. Ind,, 1903, 22, 457 ; 1904, 23, 557. 
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meclianism of oxidation can be more truly represented on the following 
lines, making the Claus process simply an extension of the ordinary 
gas-works process of spent oxide revi\ufication : 

Ee^Os + 3HaS 2FeS -h SH^O -h S, 

4FeS -f 3 O 2 2 Fe 203 4 - 4S. 

Catalysis ix the Pceificatiox of Illuminating Gas 
AND Gaseous Fuels 

As is well known, illuminating gas after leaving the scrubbers 
contains various quantities of substances which are deleterious in the 
uses to which the gas is subsequently put: Thus, in addition to 
substances Hke carbon dioxide, which lower the illuminating power and 
calorific value of the product, the scrubbed gas may contain anything 
from 0*5 to 2*0 per cent of sulphuretted hydrogen as well as organically 
combined sulphur compounds, such as carbon disulphide, thiophene, 
and mercaptans, to the extent of 10 to 80 grains of sulphur per 100 
cubic feet of gas. Such sulphur compounds, since, on combustion, 
they yield sulphur dioxide, are disagreeable constituents of the final 
product. Their removal is consequently desirable. Indeed, the 
removal of free sulphuretted hydrogen is required by statutory regula- 
tion. Formerly, also, the removal of the combined sulphur to a certain 
degree was also required by statute, but this is no longer required. 

In practice it is the custom to free illuminating and other gases 
from sulphuretted hydrogen by passing them through various suitably 
moistened absorbent materials, among which the more commonly 
employed are lime, oxide of iron, and manganese dioxide in the form 
of Weldon mud. The former removes both carbon dioxide and the 
sulphuretted hydrogen, together with a fraction of the carbon di- 
sulphide present. Its use, however, is becoming more and more 
restricted, especially to small undertakings having a local market for 
the product, since the disposal of the spent lime, containing both car- 
bonate and a sludge of calcium sulphide, is both difficult and disagree- 
able, owing to the obnoxious odour which the material possesses. The 
oxides of iron and manganese are increasingly used, and in a manner 
which involves their functioning as catalysts. 

The ehmination of sulphuretted hydrogen by means of oxide of 
iron is carried out in huge boxes carrying the absorbent material. 
This is generally employed in the form of bog iron ore, which, from its 
content of organic matter, is porous and thus favours ready transforma- 
tion to sulphide. If the precipitated hydroxide be employed, the 
material is generally lightened by admixture with organic matter in 
the form of sawdust. The material is at ail times kept suitably moist. 
Absorption of the sulphuretted hydrogen involves a change of the 
absorbent from the brownish hydrated oxide to the blackish-green 
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sulphide. Ferric sulphide and ferrous sulphide and sulphur are the 
products of the transformation, which may be symbolised by the 
equations 

FcoOg + HoO + SHgS ^FegSg + fflaO, 

Fe^Og + H 2 O + SHgS - 2FeS + 

After absorption ceases, the sulphides, by exposure to air, may be 
transformed into the original material with the simultaneous pro- 
duction of sulphur, which change may be represented by the equations 

2FeoS3 + 3 O 2 - 2Fe203 + 6S, 

4F‘'eS + 302 = 2FeA + 4S. 

Thus, by alternation of the process of absorption and of exposure to 
air, or revivification, the original oxide of iron may ef ect the catalytic 
conversion of the sulphuretted hydrogen to sulphur and thereby the 
removal of the sulphur from the gas. As much as 50 per cent of sulphur 
may thus be accumulated in the oxide by alternation of the two stages, 
and the resultant material is then a convenient source of sulphur for 
sulphuric acid manufacture. 

In actual operation under working conditions, illuminating .gas 
generally contains small amounts of oxygen entering the gas through 
leakages in the system. This oxygen effects, to a certain degree, in 
the boxes, the process of revivification attained otherwise by exposure 
to air. The observation of this action of oxygen has led to a develop- 
ment of modern gas purification in which the oxygen content of the 
gas at the entrance to the oxide purification system is controlled, and, 
if necessary, air is added to the gas to be purified to facilitate the 
process of revivification in situ. Thus, the process of purification 
becomes in essence the catalytic conversion, by means of oxide of iron 
acting as catalyst, of sulphuretted hydrogen and oxygen to sulphur 
and water, according to the equation 

2 II 2 S "t Og— SHgO + 2S “h 110,000 cals. 

The advantage to be obtained from the admission of air to the purifica- 
tion system is that the purifiers can be worked for much longer periods 
without recharging. In modern gas-works practice this period may 
amount to as much as six months per box with a system of purification 
employing four boxes in series. The amount of oxygen added is 
restricted by two factors, the diluent effect on the gas of the nitrogen 
simultaneously added and the fact that the heat effect of the reaction 
may be so great locally as to cause combustion of the material in the 
purifiers, with consequent introduction of sulphur dioxide into the gas 
and disorganisation of the purification system. The care requisite in 
this regard will readily be appreciated by the gas engineer who has 
knowledge of the strongly exothermic nature of the reaction, which, as 
given in the equation above, amounts to 110,000 cals. 

Precipitated oxide of iron, an artificially prepared material, has 
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come into considerable use as tbe catalytic material, since its action is 
found to be more \dgorous than tbe natural bog iron ore. For similar 
reasons, tbe manganese dioxide of Weldon mud is also employed, its 
reactivity with sulphuretted hydrogen being computed to be five times 
that of the bog ore. All the materials are employed until so far loaded 
with sulphur that they are available as an economical source of sulphur. 

It is to be pointed out that all the fuel gases of industry contain 
greater or less amounts of sulphuretted hydrogen, and are therefore 
potential sources of sulphur supply for the sulphuric acid industry. 
The gases from by-product coking ovens are also a further such source. 
Since, however, the capital outlay in plant and space for oxide box 
purification is considerable, the economy of the purification process is 
small, and these sources of sulphur have to a marked degree been 
neglected, the sulphur being left in the gas with consequent vitiation 
of the atmosphere in the neighbourhood of their combustion. It is to 
be hoped that further improvement may be efiected in the recovery of 
sulphuretted hydrogen from aU fuel gases, so as to render its removal 
a sound economic proposition and thereby minimise the dependence of 
the community for sulphur upon foreign sources of supply. 

The elimination of sulphuretted hydrogen from coal gas by the 
methods just outlined is remarkably complete, and with skilled super- 
vision the quantities of such gas in modern illuminating gas are negli- 
gible. The process, however, except when lime is employed, fails to 
bring about the removal of the organically combined sulphur com- 
pounds, and, in the case of hme, only partial removal of carbon di- 
sulphide is effected. Attempts to eliminate organically combined 
sulphur are almost as old as the illuminating gas industry itself, and 
as many of the suggested processes are catal^ic in nature their record 
is essential here.^ So far back as 1806 Edward Heard suggested 
passing the crude gas over alkaline earth or certain metals or their 
oxides placed in iron tubes or other vessels and exposed to a furnace. 
In 1818 Palmer took out patents upon a process of removal by passage 
of the crude coal gas through heated tubes containing iron, oxide of 
iron, or iron stone, so disposed as to present as large a surface as 
possible. In the ’fifties Thompson suggested a process to operate upon 
a technical scale, of which the principle is merely to pass the gas over 
lime heated to a dull red or much lower, or small pieces of brick or 
pumice-stone previously steeped in a solution of the chloride of platinum. 
Bowditch, in 1860, patented a process for removal of combined sulphur 
by passing the gas first freed from sulphuretted hydrogen in the 
ordinary manner through heated clay, oxide of iron, or Hme, the 
temperature found most efficient being between 140° and 215°. In 
1870 Yernon Harcourt proposed to decompose organic sulphur com- 
pounds by placing a mass of iron turnings or wire into the mouthpiece 
of each retort or by conducting the gas through heated tubes partially 

^ Carpenter, Purification of Gas hy Heai. 
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filled with suitable surface-presenting material, and a trial was made 
in 1874 of the process suitably modified for technical operation. I. von 
Quaglio, in 1878, proposed the use of heated clay balls impregnated 
with the chloride of a metallic catalyst, or such metals themselves in 
powdered form. 

All these processes are in reality suggestions for conducting readily 
by means of catalytic agents a reaction which may be illustrated best 
with reference to carbon disulphide by means of the equation 

CS2-i-2H2=2H2S + C. 

Upon the laboratory scale this is readily effected and forms the basis 
of the Harcourt test for such sulphur compounds. As actually 
operated in the test, the gas is passed through a heated flask con- 
taining platinised pumice. The disulphide is decomposed quanti- 
tatively, and the formation of sulphuretted hydrogen determined by 
means of a colour test. 

The installation of such a process of purification upon a large 
technical scale for the purification of illuminating gas is due to Hall 
and Papst, of the Portland Gas and Coke Co., Oregon, U.S.A. The 
device patent-ed by Hall for the purpose is composed of two heaters 
fiUed with chequer-work as in a water-gas plant, and a generator from 
which they are heated internally and alternately by producer gas. 
Whilst the coal gas is being treated for sulphur compounds in the one 
heater, the other is being heated up by the gas from the generator, 
and so continuity of purification is ensured. During 1909 as many as 
817 million cubic feet of gas were heated in this way at an average cost 
stated to be |d. per 1000 cubic feet. The percentage reduction of 
combined sulphur in the gas throughout the year averaged 70 per cent, 
reducing the content from an average of 59 grains to 17 grains per 
100 cubic feet. The temperatures employed were high (up to 900° is 
suggested), so that doubtless there would be an accompanying loss in 
illuminating power. The percentage reduction increased with in- 
creasing temperature, varying from 20 per cent at 427° to 76 per cent 

The work of Carpenter and Evans ^ in England upon similar Hues 
may now be detailed. A variety of catalytic materials for the decom- 
position of the organic sulphur by means of hydrogen were studied with 
a view to their application upon a practicable scale. Among such 
materials may be mentioned fire-brick, pumice, iron oxide, platinum, 
and nickel. Of the contact materials studied, pumice or fire-clay 
impregnated with fcely divided nickel was chosen as the most suitable, 
being the most active and not prohibitive in cost. After smaller scale 
experiment, a large-scale plant with a capacity of If million cubic 
feet per day was erected. This was later supplemented by a plant 

^ Ckrpemter, J. Gas lAgUiwg^ 1914 126, 928 ; Evans, J. Soc. Chem. Ind., 1915, 34, 9, 

0 
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dealing with. 10 million cubic feet per day in London and one at East 
Greenwich in five units, each unit capable of dealing with 3 million 
cubic feet of gas per day. The gas to be heated is previously freed 
from sulphuretted hydrogen in the usual way and passes through a 
system of preheaters and heat interchangers to the reaction chamber, 
maintained at 450°, at which temperature approximately 80 per cent 
conversion of the sulphur, compounds may be obtained. The heated 
gas leaving the reaction chamber flows through the heat exchangers in 
the contrary direction, and permits therefore of economy in the heat 
required to be added to the system. In the East Greenwich plant 
the weight of metallic nickel employed is 1321 lbs., equivalent approxi- 
mately to 1 lb. of metallic nickel per 10,000 cubic feet of gas per day. 
The daily consumption of coke for the same plant amounts to 5|- tons 
per day. Provision is made for regeneration of the catalytic material 
after a period of use. This is necessary owing to the deposition of 
carbon resulting from the reaction in the catalytic material employed. 
Regeneration is efiected by blowing hot air through the system, which 
burns ofl the carbon deposit from the fire-clay ball impregnated with 
nickel. The average reduction of sulphur content in the 10 million 
cubic feet per day plant over a period of sixteen months was from 
40 to 8 grains per 100 cubic feet, or a percentage reduction amounting 
to 80 per cent. The efiective reduction is to a certain degree governed 
by the sulphur content of the gas, a maximum reduction, equivalent 
to 84 per cent, being observed on a gas of 64 grains of sulphur per 100 
cubic feet, the minimum being 72 per cent on a gas of 19 grains sulphur 
content. The effect of the process on the ilLuminatmg power of a rich 
20-candle-power gas was specially studied. It was found that the 
illuminatmg power was unimpaired, the average quality before and 
after treatment for sulphur being 20-54 and 20*46 candles respectively. 
The cost of working the sulphur extraction process is given as 0-3d. 
per 1000 cubic feet, including fuel, maintenance charges, depreciation, 
and interest. The capital cost works out at £1500 per million cubic 
feet of gas per day. 

It is possible that yet another catalytic reaction may be employed 
technically, in the future, for removal of the combined sulphur from 
fuel and illuminating gases. It is well known that carbon disulphide 
reacts at suitable temperatures with water to form carbon dioxide and 
hydrogen sulphide, according to the eqtiation 

CS2 + 2H2O-CO2 + 2H2S. 

In a French process patented by Guillet ^ this reaction is accelerated 
catalytically by means of oxide of iron maintained at temperatures 
between 80° and 300°. Reduction on a laboratory scale from 16 to 
4*3 grains per 100 cubic feet was claimed at 130°. 

The sulphuretted hydrogen formed is fixed, however, by the iron 
^ Soc. Tech, de VInd. du Ga% en Trance, 1912, p, 246. 
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oxide, and hence the process, conducted in the above manner, must 
necessarily be discontinuous. On the other hand, it is known, for 
example, that in the catalytic hydrogen process employing water gas 
and steam at 500" with iron oxide as basic catalytic material, all sulphur 
compounds are converted to hydrogen sulphide in the course of the 
reaction and pass on as such with the other products. It does not seem 
unlikely, therefore, that such a catalytic process for sulphide removal 
could be operated continuously if the right conditions were obtained. 
The reaction would possess a point of advantage over the processes 
previously considered, since carbon dioxide, and not carbon, is the 
product of conversion. The catalytic mass, therefore, would remain 
unaltered and the process of aeration requisite in the Hall and Papst 
and in the Evans-Carpenter processes would be unnecessary. In- 
teresting technical developments of the process of M. G-uiUet may 
therefore be expected. 

The Influence of Catalysts in Suefaoe Combustion 

During recent years a considerable advance bas been made in the 
technical application of the catalytic process of surface combustion by 
Schnabel in Germany, but more especially by Bone and his co-workers 
in England.^ 

In the preceding pages we have already discussed the catalytic 
activity of certain substances, notably platinum, iu promoting tbe 
combination of oxygen and hydrogen as well as other combustible 
gaseous mixtures, and bave noted that under suitable conditions tbe 
catalytic material can attain quite high temperatures. Thus Fletcher ^ 
appears to have been the first to study the conditions necessary to 
maintain the catalyst at a high temperature by the process of surface 
combustion. This investigator showed that it was possible by suitable 
regulation of the composition of a mixture of coal gas and air to keep 
a ball of iron wire continuously at a high temperature without any 
combustion taking place in the form of flame, provided that the gaseous 
mixture came in direct contact with the hot material. 

Bone, in 1902, commenced a systematic investigation on the 
influence of various catal 3 rtic materials such as platinum, gold, silver, 
copper, and nickel oxides, and magnesia at fairly elevated temperatures, 
dfca 500°. 

He noted that there was a steady increase in catalytic activity 
with elevation of the temperature and that the disparity between ’ 
diflerent catalytic materials diminished with ascending temperatures. 

As a lo^ck sequence to these earlier experiments, the conditions 
necessary for maintaining a catalytic material continuously and 

^ PM. 2Vcm&, 1906 (A), 206 ; £er,, 1913, 4f6, 5 ; Proc, Amer, Qas Inst, 1912, 6, 564 ; 
B.L Lecture, Feb. 1914. 

^ J. Qas lAgkt^, 1887, 4, 168 ; see Bone, loc. di. 
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uniformly at a Mgli temperature by surface combustion were 
developed. 

Bone and APCourt’s earliest types of apparatus consisted essentially 
of a porous fire-brick diaphragm through which a gas and air mixture 
in the correct ratio for complete combustion was forced by a suitable 
injector or blower. The fire-brick diaphragm rapidly attains a bright- 
red heat and complete combustion is efiected in a very thin layer of 
the diaphragm (J to J inch). The advantages of such a heater, viz. 
the high efficiency in the production of efiective radiant energy and 
the possibility of fixing the diaphragm in any position, are partly 
gainsaid by the necessity of using either air or gas under pressure, 
and by the fact that the diaphragms are slowly but contmuously 
blocked up by dust and tar fog in the air or gas. 

As a consequence the surface combustion heater was modified by 
substituting a bed of refractory granular material for a diaphragm 
and forcing through it a suitable mixture of air and gas or vaporised 
fuel. Many apphcations of this method have given extremely successful 
results in practice. Thus the granular material may be packed round 
muffles, crucibles, or retorts or the fine tubes of steam boilers. 

The following figures indicate the remarkable efficiency obtained 
when steam is raised by a gaseous fuel when this system of surface 
combustion is utilised : 

Utilising a tube 3 feet long and 3 inches in iuternal diameter 
packed with granular refractory material as a heating unit, nearly 
100 lbs. of water could be evaporated per hour (20 to 22 lbs. per square 
foot of heating surface) with 100 cubic feet of coal gas and 550 cubic 
feet of air, representing an 88 per cent transmission (to the water) of 
the net heat developed by the combustion (Eig. 12). This unit com- 
pared extremely favourably with the 50 per cent obtained with blast- 
furnace gas and the 65-70 per cent obtained with coke-oven gas when 
the usual gas-firing systems are employed. It was noted that the 
effluent gas temperature was only 200°, and in later experiments even 
this small amount of heat originally lost was utilised to heat up the 
boiler feed- water. Even better results were obtained with a large 
boiler erected at the Skinningrove Iron Works. This boiler, fitted with 
110 heating units of the above-mentioned size, was capable of evaporat- 
ing 5000 lbs. of water per hour with an average figure of 14d lbs, per 
square foot of heating surface per hour, and on a ten-hour run gave 
the remarkably high .figure of 92*7 per cent efficiency. The efficiency 
of this boiler may be judged by the following figures : 

92*7 per cent 



Heat utilised 

Heat lost in burnt gases . 

Heat lost by radiation . 


100*0 
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iteam equivaleat of power consumed by fan for driving the gases, 
•7 per cent. Net overall efficiency, 90*0 per cent. 

More recent improvements in the Bonecoiirt ” boilers include a 
[gid system of refractory surfaces instead of a packing of granular 
laterial for dealing with gases liable to contain dust or tar fog, and an 
icrease in the size of the heating unit. Experimental trials^ have 
bown that heating units up to 6 inches in diameter and from 13 to 21 



3 ft. unit heater for boiler, showing evaporation 
in lbs per foot 

Big. 12. 


Bt long can be constructed without afPecting the high rate of evaporation 
sr square foot of heating surface. 

The Incandesgent Mantle 

The histoiipal development of the incandescent gas mantle may be 
id to have commenced with the investigations of Drummond on the 
oduction of incandescent surfaces on certain refractories such as 
3rgnesia, lime, alumina, and zinc oxide by means of the oxy-hydrogen 

^ Bone, Goal and its Scientific Uses (Longmans, 1918). 
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flamej whilst Berzelius first pointed out the uses of thoria and zirconia 
as light-emitting refractories. From 1839 to 1880 several inventors 
were exercising their ingenuity in the production of light from the 
Bunsen burner flame, amongst whom may be mentioned Cruickshank 
in 1839, Tessie du Motay in 1867, and Edison in 1878. It was not, 
however, untE the period 1881“83 that Williams, in New Jersey, and 
Auer von Welsbach, in Vienna, practically simultaneously developed 
what is essentially the gas mantle of to-day. 

The earlier mantles were made of cotton and possessed grave 
defects, such as shrinkage with use, resulting in crumbling ; a twist in 
the fibre, introduced in the spinning, making the mantle susceptible to 
shock, and, finally, a continuous diminution in light emissivity. 

Present-day mantles are generally made of artificial silk or grass 
cloth (ramie fibre) spun into threads. 

It may be noted in passing that all varieties of artificial silk appear 
suitable for the manufacture of mantle material, including the silk 
from Swaim and Chardonnet’s collodion process, the more recent Cross 
and Bevan viscose and acetate methods, and Schweitzer’s cupro- 
ammonium solvent. 

Auer von Welsbach co mm enced his researches on the fractional 
crystallisation of the rarer elements in 1880, and during that year 
he noted that cotton threads could be impregnated so as to leave a 
coherent oxide ash as a skeleton. The colour of the flame produced on 
heating this skeleton in a Bunsen burner varied from yeUow to green. 
In 1883 the earliest mantles were introduced, in which the oxides of 
zirconium and lanthanum were chiefly used, although the addition of 
smaller quantities of other oxides was simultaneously suggested. 

In 1886 the use of thoria was patented,! and the idea of strengthen- 
ing the finished mantle for transport by immersion in collodion was 
also claimed. 

None of these methods, however, proved satisfactory as far as life 
and light emissivity were concerned, these being the two most important 
factors for technical success. From 1886 to 1891 Welsbach and his 
assistant Harbinger continued unsuccessfully their experiments upon 
the mantle, until an accidental observation that small quantities of 
ceria were always present in some specimens of thoria which possessed 
a somewhat higher emissivity than others led to the introduction of 
the present-day Welsbach mantle. 

The extraordinary efiect that small quantities of ceria may exert on 
the emissivity of thoria is indicated in the accompanying curve (Fig. 13). 
It will be noted that the maximum emissivity is obtained when a 99*1 
per cent thoria-0*9 per cent ceria mixture is utilised.^ 

Various theories have been put forward to explain the phenomenal 

^ D.B.P. 41945, 

^ For a teclmical description of the manufacture of gas mantles, see B. B5hm, Die 
FdbrikaHon der CUvAhorper f Ur GasgliiMicht, 
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increase in light emissivity in presence of ceria, but no satisfactory 
conclusion as to actual mechanism of light production has as yet been 
arrived at. 

WestphaFs theory that during the period of optimum emissivity 
the gradual combination of an acid oxide, e.g, thoria, with a basic one 
such as ceria is taking place may be dismissed as untenable. Bunte’s 
view is supported by a certain amount of experimental evidence. He 
regards the thoria as a heat-insulating surface and holds that the ceria 
catalytically hastens the combustion of the gas-air mixture ; by this 
means the surface of the thoria is heated up to the temperature of the 
flame, viz. 1700^ to ISTO"^, and radiates at this temperature. Eubens ^ 
has shown that a black body radiation temperature of at least 1600° 



would be necessary to produce a similar visible emissivity. It is, 
however, not clear why only 0-9 to 1 per cent of ceria exerts the 
maximum catalytic activity. Le Chatelier was of the opinion that 
thoria-ceria mixtures do not radiate as “ Black body ” ra^ators, but 
exert selective emissivity in the region of the visible rays. Bunte, 
however, has shown that the emissivities of ceria and thoria and the 
Welsbach mantle material when heated in a muffle to the same 
temperatures were not sensibly different. 

Wyroubojff and V. B. Lewis attributed the increased luminosity to 
the alternate oxidation and reduction of the ceria : 

O 2 -f- 20 ^ 0 ^ ^rCeOg, 

the presence of 1 per cent of ceria in the mixture being sufficient to 
ensure that combustion proceeds at its maximum velocity. 

^ Ann. Phtfsik, 1906, 20, 543. 


Library 
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An important observation was made by Meyer and Anscbutz,^ wbo 
noted that CeOg forms a solid solution in tlioria up to 7 per cent and 
that a small quantity of CeOg was also present in a used mantle mixture. 
It is an interesting speculation as to whether the maximum dissociation 
of the cerium oxide in the thoria occurs in dilutions 0*9 to 1 per cent. 

The loss of bght emissivity with continued use is attributed by 
White and Muller ^ to the gradual volatilisation of the catalytic cerium 
oxide. Bruno, ^ on the other hand, considered that the cerium oxide 
became converted into an inert allotropic modification from which the 
active oxide could be regenerated by slowly cooling the mantle. 

The investigations of Swan ^ on the catalytic efiect of thoria-ceria 
mixtures on the combustion of electrolytic gas mixtures make it appear 
highly probable (see p. 103) that the ceria is in fact an oxygen-carrying 
promoter to the catalytic thoria. 

As catalytic oxygen carriers, chromium, vanadium, manganese, 
iron, cobalt, and even silver oxides have been suggested. With the 
exception of the three first-named, these oxides are much too volatile 
for practical use, unless retained on the mantle in the form of silicates, 
in which case their catalytic properties are considerably impaired. A 
composition of alumina and 8-16 parts of chromium oxide was largely 
used in the preparation of “ Sunhght ” mantles. With a thoria base, 
the following quantities of catalytic material are said to give roughly 
the same emissivity : 

CeOg, 0*9-l*0 ; V20g5 04 ; Mn025 1*5 ; UgOg, 0*25 per cent. 

Other bases, in addition to thoria and alumina, have been suggested 
from time to time, such as zirconia, magnesia, and lanthana-chalk 
mixtures. Magnesia has been shown to be rather volatile, whilst 
chalk strfiers from the disadvantages of being readily attacked by water 
and carbon dioxide present in the air when the mantle is not in use. 

Small quantities of the oxides of beryllium and aluminium are 
frequently added as hardeners in order to increase the resistant powers 
of the mantle. 


The Pebparatioh op Formaldehyde 

The earliest development of the formaldehyde industry was closely 
associated with its utilisation as a volatile disinfectant for rooms ; for 
this purpose so-called formaldehyde lamps were introduced, in which 
methyl alcohol was caused to burn in specially constructed burners. 
A small fraction of the methyl alcohol was in this way converted into 
formaldehyde, but by far the greater portion was oxidised to carbon 
dioxide and steam, according to the equations 

2CH3 . OH + O2 = 2H . CHO + 2H2O, 

2CH3 . OH + 3O2 = 2CO2 + 4H2O. 

1 Ber., 1907, 40, 2639. ^ J. Gas Lighting, 1903, 83, 504. 

^ Zeitsch.f. BdeucM., 1899, 5, 244. ^ J. Ghent. 8oc., ]924, 125, 780. 
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Modern room disinfection by means of formaldehyde is usually accom- 
plished by the volatilisation of paraform (H.CHO )3 (Schering’s formalin) 
in small lamps, or by chemical oxidation of methyl alcohol, by the 
use of permanganate ^ or barium peroxide (bleaching powder has also 
been suggested, Eischengrun’s Autan method). 

The earlier alcohol combustion lamps devised by Tollens, Bartel, 
Robinson, Trillat, Broche, Dieudonne, and others are no longer in use. 

As new industrial uses for formaldehyde were found, notably in 
the hardening of gelatins, preservation of food, disinfection of hides 
in certain leather-tanning processes, as well as in the recent development 
of synthetic tannins, phenol formaldehyde condensation products for 
electrical insulator and other purposes (baekehte), and the fine organic 
chemical industry, the most suitable method of production on a technical 
scale became a matter of importance. 

At the present time it may be stated that the only technical pro- 
cesses for the preparation of formaldehyde are those based on the 
fractional combustion of methyl alcohol ; but, as will be subseq[uently 
shown, these methods will probably be replaced by more economical 
catalytic processes which are still in the experimental state. 

The earliest experimental work on the fractional combustion of 
methyl alcohol to formaldehyde dates from the time of Hofmann,^ who 
obtained a small conversion by the passage of an air-alcohol mixture 
through a red-hot platinum tube. Gautier, as weh as Tollens and 
Loew,^ efiected certain modifications by substituting a glass tube 
packed with platinum or metallic copper foil as catalytic material; 
they laid stress on the influence of the presence of moisture in the 
original alcohol, the variability of yield with alteration in the oxygen- 
alcohol ratio, and changes in the temperature of the catalyst. Trillat,^ 
in 1889, first proposed a large-scale production plant in which crude 
methyl alcohol was evaporated, mixed with air, and passed through 
the catalyst chamber containing platinum asbestos maintained at a 
dull red heat. Other catalytic materials, such as copper oxide or even 
fire-brick, were suggested. As a result of a series of experiments, Trillat 
was able to oxidise methyl alcohol with air by means of an electrically 
heated platinum gauze at 200° ; with elevation of the temperature, 
decomposition proceeds further, as shown by the increase in the carbon 
monoxide and dioxide content. The optimum steam content for the 
methyl-alcohol vapour was foimd to be in the neighbourhood of 20 per 
cent. 

With oxidised copper gauze at 330°, Trillat obtained a 48-5 per cent 
yield with an air-alcohol ratio of 2*5 htres to 0*65 grm. In modern 
practice much higher temperatures are usually attained, e.g, 
450°-550°. 

^ Evans and Unssell ; see Croner, DisinfecMon, xi., 1909. ^ Ber., 1878, 11, 1685. 

» Ibid., 1881, 14, 2134 ; 1882, 15, 1629, 20, 141 ; of. J. :pr. CUm., 1886 (U), 33, 321, 

* OxidcUion des cdcohoU, 1901. 
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Later, Sabatier and Mailbe ^ directed attention to Bertbelot’s 
experiments, in wbicb be showed that tbe thermal decomposition of 
primary alcohols in the absence of air was effected by two simultaneous 
reactions : 

(a) A dehydration, e.g. C2H5 . OH GH2 = CH2 + H20, 

{b) A dehydrogenation, C2H5 . OH jly GH3 . OHO 4* H2, 

and proceeded to investigate the effect of various catalytic materials 
on these decompositions and showed that copper at a temperature of 
200*^-300° was an effective dehydrogenation catalyst. 

With freshly reduced copper oxide, the reduction proceeds according 
to the equation 

CH3.0H±^H.GH0+H2, 

and the reaction is a reversible one : a 50 per cent conversion is obtained 
with a 5 per cent loss of decomposition products and 45 per cent un- 
changed methyl alcohol, which can be fractionated off and returned to 
the alcohol storage reservoir. 

Unfortunately, in the case of methyl alcohol, copper appears rapidly 
to lose its activity, either owing to the gradual reduction of tmchanged 
cuprous oxide in solid solution in the metal, which may be the real 
effective catalytic agent, or for some other cause as yet unknown. 
Consequently, experimenters have had recourse to elevation of the 
temperature to enhance the diminishing activity. At 300° the second 
stage of the thermal decomposition into carbon monoxide and hydrogen . 
is quite marked, whilst at 350° it is practically complete in presence of 
metallic copper at low space velocities : 

H.CH0 = C0-fH2 
andCH3.0H=G0 + 2H2. 

The second reaction is reversible and has been made use of for the 
synthesis of methyl alcohol from water gas (see pp. 257, 258). Sabatier 
and Senderens ^ investigated the catalytic activity of other metals and 
oxides on the dehydrogenation of methyl alcohol with the following 
results : 

Temperature Temperature Lo^ of Formaldehyde 

Substance. Commencement of Maximum due to Secondary 

of Dehydrogenation. Activity. Decomposition. 

Hickel . , 180° 360° Above 60 per cent. 

Cobalt . . Slightly more active than nickel, — 

but leas than copper. 

Iron . . . Slightly less active than cobalt. — 

Platinum . . 250° — Complete. 

Manganese oxide . 320 360° Small. 

SnOa . . . 260' 350 Small, but reduction 

to metal takes place. 

CdO ... 250 300 Complete. 

^ See La Catalyse en chimie organigue and Ann. GTiim. Phys.y 1910, 20, 344, 

^ Ann. Chim. Phys., 1905, 8, 4473. 
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The following catalytic oxides suitable for dehydrogenation of 
methyl alcohol in order of increasing activity are cited by Sabatier. 
The optimum temperature for dehydrogenation appears to be 350° : 

C410, SiOa, Ti 02 , ZnO, ZrO^, MnO, AI 2 O 3 . 

The use of bauxite for this purpose might possess certain 
advantages. 

It was therefore e\’ident that the usual process of fractional com- 
bustion of methyl alcohol was actually based on the primary catalytic 
dehydrogenation of the alcohol into aldehyde and hydrogen, whilst the 
addition of oxygen might be regarded as necessary to maintain the 
temperature of the reaction (28 cals, being absorbed per grm.-moL 
in the dehydrogenation process), to lower the partial pressure of the 
hydrogen, and possibly to revivify the copper catalytic material by 
continuous alternate oxidation and reduction. E. I. Orlofi^ con- 
firmed nearly all Sabatier’s experiments, showing that the following 
catalysts were eSective in the dehydrogenation process. Copper 
precipitated on asbestos, cerium sulphate, and thorium oxide, platinum 
black, metallic platinum, coke containing precipitated copper, vanadium 
oxide on asbestos. Unsatisfactory results were obtained with iron, 
practically complete decomposition to oxides of carbon and lamp-black 
occurring. 

In his later communications Orlofi advises the addition of air and 
recommends copper gauze preceded by platinised pumice or platinised 
asbestos, and states that the best conversion is efiected when the 
reaction proceeds without the application of external energy and that 
the following relationships are obtained : 

Ratio : 

O 2 ; MeOH . . ’ : 0-4 : 1 

Alcohol : Total volume gaseous mixture . . , : 0-342 : 1 

Co nr-oni ration of v cor'C'’nirn1ioM of 1 '^ q 

.Scpiarc of virlociiy of gas Ho’a V 


Le Blanc and E. Plaschke ^ similarly conducted a series of experi- 
ments on fractional combustion of methyl alcohol, using silver wire 
gauze and electrolytically silvered copper gauze as catalysts ; they 
also arrived at the conclusion that the process is virtually one of 
dehydrogenation and that the function of the oxygen was merely to 
revivify the catalytic material, for which purpose freshly reduced copper 
was most suitable. Their most favourable yields were 58 per cent with 
sfiver and 55*4 per cent with copper, under the following experimental 
conditions : 

1 J. Russ, Rhys, CUm. Soc., 1907, 39, 855, 1023, 1414 ; 1908, 40, 796. 

® Zeitsch, JSlektrochem., 1911, 17, 151. 
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Length of Silver Gauze 
Spiral in era. 

5*85 

Grm. Oo per 
gnn. Alcohol. 
0-459 

Temp, of 
Catalyst. 
455^ 

Velocity of Air in 
litres per minute. 
2-669* 

Per cent Conversion. 

58-06 

Per cent 
Unchanged- 

26-43 

Per cent 
Loss. 
15-51 

Diameter of Tube. 

30 mm. 


♦ Representing a space velocity referred to the air of 3900 (litres of air per litre of catalyst 
space per hour). 

The effluent gas contained the following proportions of COg, CO, 
and H2 respectively: 4-46, 4*16, and 11*49 per cent. 

The figures represent the optimum yield obtained after alteration 
of all the independent variables one at a time. 

Fokin ^ continued Orlofi and Le Blanc’s researches and obtained 
the following orders of activity for the conversion in the passage of 
alcohol-air mixtures over different metals : 


m . 


. 1-08 per cent 

(hi . 

. 43-47 per cent 

A1 . 



Ag . 

. 64-60 „ 

Mn . 


. 2-01 „ 

An . 

. 71 

Co 


. 2-8 „ 

CuAg alloy 

. 84 

Pt . 


. 5-2 „ 




It will be noted that silver is extremely effective. 

Bouliard ^ suggests the use of silver precipitated on flax as support 
material, whilst 0. Blank ^ suggests silver on asbestos. 

Hochstetter ^ has attempted to produce a catalytic material which 
should accelerate both reactions, viz. the dehydrogenation process, 
CH3 . 0H = H . CHO-hHg, as well as the fractional combustion, 
2CH3 . 0H + 02==H. CHO-hHgO. Thus, he states that he has ob- 
tained the following results by using metal couples instead of the pure 
metals : 

Per cent Yield. 


Pure Cu 70 

Cu alloyed with 1/10,000 Pt . . . .72 

Gu coated with 1/10,000 Pt .... 77 

Ag 75 

Ag with a Cu tube ...... 84 

Ag coated withl/10,000 rhodium ... 96 

Ag „ „ 1/10,000 Pt .... 96 


Other suggested methods of preparation of formaldehyde have been 
the subject of patent literature. 

Both the Badische ^ and Dreyfus ® patents suggest passing a mixture 
of carbon monoxide and hydrogen in the ratio of 2 : 1 at 100 atmospheres 
pressure over catalytic materials (such as Pt, Gu, Fe, Or, M, Ce, Ur, 

' V, or their oxides) at 300°-400°. (See further, pp. 257, 25^) 

Brodie,^ Losanitsch, and Jovitschitsch ® obtained small quantities 
of formaldehyde from these gases when subjected to the silent electric 


^ J, Russ. Phys. Chem. Soc., 1913, 45, 286. 
® J. Soc. Chem. Ind.^ 1911, 30, 49. 

5 B.P, 20486/1913. 

7 Proc. Phys. Soc., 1874, 12, 171. 


2 P.P. 412501/1910. 

4 B.P. 464/1914. 

® B.P. 108855/1915. 

® B&r., 1897, 30, 135. 
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iischarge. Chapman and Holt ^ by the high-tension electric discharge, 
s^hilst de Jahn proved the presence of aldehyde when GO and Hg were 
passed over spongy platinum into water.^ 

The thermal decomposition of dimethyl ether, tin formate,^ and 
calcium formate, as weU as the fractional reduction of formic acid by 
hydrogen over iron or nickel catalysts at 300° to 500°,^ are all suggested 
methods for the preparation of formaldehyde. 

Equally interesting and worth attention are the various suggestions 
For the fractional combustion of methane into methyl alcohol or 
Formaldehyde. 

Glock/ in 1898, suggested the passage of a mixture of methane and 
lir over granulated copper or pumice maintained at 800°, the process, 
Deing circulatory, removing the formaldehyde after each cycle by a 
jystem of scrubbers. Lance and Elsworthy ® suggest the use of hydrogen 
peroxide or persulphuric acid as an oxidant in the presence of ferrous 
julphate, presumably as a catalytic material. The Sauerstoff u. 
Stickstoff Ind.^ and Y. Unruh ^ claim the use of tan bark as catalyst, 
stating that oxidation of methane by air will take place at 30°-50° in 
he presence of such material. It is more than probable that the 
ddehyde was itself derived from the tan bark under the conditions of 
)peration. Pernekes ^ describes a special combustion furnace for the 
xactional oxidation of methane, whilst Otto suggests the use of ozone 
is an oxidant. Lacy describes the direct chemical conversion process, 
]H 4 — > CH 3 CI — >■ CHg . OH, whilst Lance and Elsworthy claim the 
production of methylamine by hydrogenation of hydrocyanic acid over 
i metal catalyst with subsequent decomposition of the amine with steam 
n the presence of a catalyst : 

CH3 . NH2 + H2O — > CH3 . OH + XH3. 

Bone and Wheeler showed that a 20 per cent yield could be obtained 
3 y the fiameless combustion of methane on borosilicate glass beads. 

The fractional oxidation of other alcohols can be accomplished in 
ike manner. Thus, glycerine in the presence of air wiU give small 
quantities of glycerine aldehyde in the presence of platinum black, 
ithyl alcohol and air passed over platinised pumice at a dull red heat 
rields 16-8 per cent of acetaldehyde, eugenol in a similar manner yields 
per cent of vanillin. It will, however, be noted that the yield of 
ddehyde is invariably small when the process of fractional combustion 
s adopted, whilst the catalytic dehydrogenation processes, on the 
)ther hand, usually give good yields with very small losses. 

The partial oxidation of hydrocarbons, — ^In view of the technical 
mportance of the conversion of the hydrocarbons, both aromatic and 

^ /. Chem. 8oc„ X905, 87, 916. ® Ber., 1889, 22, 989. s ;b.P. 183856. 

^ Badisclie Ca Pat. 185932. ® D.R.P. 107014. See also D.B.P. 286731. 

® B.P. 7297/1916. ’ D.R.P. 214155/1906. ® TJ.S.P. 891753/1907. 

® U.S.P. 1038546/1912. Ann. Okim. Phys., 1898 (vii.), 13, 77, 

^ B.P. 16194/1914. ^ B.P. 4409/1906. 
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alipliatiG, into the more valuable oxidation products, numerous attempts 
have been made to efiect such partial oxidation with air as oxidising 
agent in the presence of various catalytic agents. 

These methods naturally divide themselves into those in which 
liquid phase and those in which vapour phase oxidation is made use of. 
Although in catalytic hydrogenation both liquid and vapour phase 
catalytic reduction have proved successful, in catalyi3ic oxidation only 
the latter has been developed to the technical stage. 

In the case of hydrocarbons of the aromatic series "Wedge ^ claimed 
the liquid phase oxidation of benzene to phenol, utilising platinum 
black as catalytic agent, whilst Willstatter and Sonnenfeld ^ describe 
the use of platinum as a catalyst in the fractional oxidation of cyclo- 
hexanol to adipic acid. More attention has been paid to the liquid 
phase fractional oxidation of the long chain aliphatic hydrocarbons 
with a view to the production of synthetic fats. Griin ^ and Eischer 
and Schneider^ have noted that oxidation proceeds slowly at the 
melting point of the wax, the reaction velocity increasing with rise in 
temperature. An upper limit of circa 150° C. is set to the temperature 
so as to avoid as far as possible the degradation of the long chain 
aldehydes, alcohols, and acids produced by further oxidation. A 50 
per cent yield of odd-numbered chain fatty acids may be obtained by 
low-temperature oxidation of several months’ duration. The reaction 
appears to be somewhat complicated, since the formation of unsaturated 
oxy-derivatives always occurs, and the course of the oxidation can in 
fact be followed by the determination of the iodine value. The re- 
action is slightly autocatalytic in action, since the seeding of a fresh 
wax with a partially oxidised fraction accelerates the oxidation, at 
least in the primary stages. 

Many attempts have been made to accelerate this low-temperature 
oxidation process by the addition of catalysts, notably by alkaHs and 
various oxygen carriers such as salts of iron and manganese. The 
results, however, appear to be inconclusive. 

More successful have been the processes of fractional oxidation of 
volatile hydrocarbons in the vapour phase. We have already referred 
to the production of formaldehyde by the partial oxidation of methane. 
Sabatier and Mailhe ^ have shown that small quantities of aldehydes 
and alcohols can be produced by the catalytic combustion of paraffinoid 
hydrocarbons, whilst similar results were obtained by Orlofi ^ utilising 
copper oxide gauze as catalytic agent. The first attempts to oxidise 
aromatic hydrocarbons catalyticahy were made by Coquillon,*^ who 
noted the production of both benzaldehyde and benzoic acid on the 
passage of either benzene or toluene vapour and air over an incandescent 
platinum wire. Walter showed ® that benzoic acid and benzaldehyde 

1 B.P. 2010/1901. 2 B&r,, 1913, 46, 2952. 3 1920 , 53 , 987. 

^ Tbid.t 1920, 53, 922. ® Gompt, rend^, 1906, 142, 1394. 

® cT. Buss, Phys, Chem., 1907, 39, 855, 1023 ; 1908, 40, 1414, 

7 Gompt rend., 1875, 80, 1089. 8 J. pr. Glxem., 1892, 107, 111. 
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would readily be produced by tbe fractional oxidation of toluene 
and antbraquinone from anthracene, utilising vanadium pentoxide as 
catalytic agent.^ Coke - and chromium oxide ^ have been suggested 
for similar purposes. Weiss and Downs ^ have investigated in detail 
the conditions for the fractional oxidation of naphthalene to phthalic 
anhydride and the formation of maleic anhydride from benzene. It is 
interesting to note that small quantities both of phenol (0*3 per cent) 
and benzoquinone were obtained from benzene. In the presence of 
steam and at high pressures diphenyl was likewise obtained in moderate 
amount. The most effective catalyst was found to be vanadium 
pentoxide.® 

The difficulties successfully overcome by Weiss and Downs are those 
inherent in such processes of oxidation of organic substances, namely, 
those of temperature control. These are apparent from the following 
data on the thermal values of three typical catalytic gaseous oxidation 
processes : 


Reaction. 

Optimum 
Temperature 
of Catalysis. 

Optimum Air 
Reactant R^tio 
by Volume. 

Heat developed. 
B.T.U. per lb. 
of Beactant. 

Heat Capacity 
of entering 
Gases at 25"^ C. 
at Optimum. 

SOa— >80^ . 

400= C. 

7-5 : 1 

635 

661 

>'NO . 
CgHs — Maleic 
anhydride 

i 

750= C. 

10 : 1 

5,660 

6260 

400= C. 

: 22-5 : 1 

10,560 

1620 


It will be observed that provision has to be made for the dissipation 
of heat sixteen times greater than that evolved in the oxidation of 
sulphur dioxide, and that in addition local elevation of temperature 
has to be avoided, as the reactions of fractional oxidation are not 
reversible as is the case in the sulphur dioxide-trioxide equilibrium. 

Oxidation at charcoal surfaces. — In view of the biological importance 
of low-temperature surface combustion many experiments have been 
made with charcoal as a catalyst for the oxidation of organic materials. 

The results of numerous investigations on the adsorption of oxygen 
oy charcoal, note,bly by Baker,® Dewar, Rhead and Wheeler,® indicate 
hat oxygen may be adsorbed on a charcoal surface to form at least 
ihree types of surface compounds which may be associated with the 
iiamond, paraffin, and ethendid portions of the surface. One form is 
‘emovable only at high temperatures as oxides of carbon, another 
‘emovable as oxides of carbon by evacuation or by fusion with sodium 
^rbonate,® and a third which can, under certain conditions, be recovered 
ts oxygen. This last form is endowed with catalytic properties, for 

^ See also D.B.P. 168291/1904; P.P. 360785/1905 ; and B.P. 21941/1905. 

a Woc^, Comp, tmd., 1907, 145, 174 ^ Lowentlial, D.E.P. 239651/1909. 

* U.S.P. 1318631, 2, and 3/1919. ® J. Ind. Bng. Ohem,y 1920, 12, 228. 

® J, Chem. jSoc., 1889, 51, 249. ^ Compi. rend,., 1904, 139, 201. 

® J. Chem, See., 1913, 103, 461, 1210. ® Taylor, J. Amer. Ghem. Soc., 1921, 43, 2059. 
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not only does low-temperatnre antoxidation occur but many processes 
of oxidation are catalytically accelerated* Calvert ^ noted tbe oxida- 
tion of etbyl-alcohol vapour *and gaseous hydrocarbons, a result con- 
firmed by Firth*^ Feigel ^ noted tbe cataljdic oxidation of solutions 
of sulphides, chromates, and iodides. Warburg and his co-workers have 
examined the catalytic oxidation of oxalic and certain a amino acids ; ^ 
Meyerhof the oxidation of glucose in the presence of phosphoric acid;^ 
Freundlich and Bjerke® the oxidation of phenylthio-carbamide, and 
Rideal and Wright ^ that of malonic acid. 

The autoxidation process is foxmd to be of zero order and inde- 
pendent of the oxygen pressure over a considerable range at high 


K 

pressures, with a temperature coefficient of =1*80. By selective 

A40 

poisoning Rideal and Wright found that with an active sugar charcoal 
of mean surface area of 266 cm.^ per milligrm. only 0*38 per cent of 
the surface was autoxidisable. 

The oxidation of acids such as oxalic acid proceeds over a relatively 
much greater area : thus, for the particular form of charcoal, viz. sugar 
charcoal, the fraction catalytically active in ejecting the oxidation of 
oxahc acid was foxmd to be 40*5 per cent. Both acid and oxygen are 
adsorbed, the reaction velocity rising to a maximum and falling again 
as the concentration of oxahc acid is increased. The optimum velocities 
were obtained at a concentration of 0*0075 molar oxalic acid and 0*050 

molar malonic acid, with a temperature coefficient of = 2*0. 




40 


The reaction velocity as a function of the concentration of the 
reactants was found to be expressible in the form 


dx EVPq^Gqx 
dt (l+mVP^+nCo^f 
which reduces to the simpler forms 




for small oxahc concentrations, and to 

??= r" V'-Po. 

dt 

for high concentrations of acid, both being experimentally reahsed for 
a number of such surface oxidations. 

Such charcoals can readily be activated or promoted by heat 
treatment with urea and iron salts or dye-stufis and iron salts. 

^ J. Ghem, Soc., 1867, 20, 293. 2 Soc., 1924, 20, 370. 

2 Zeitsch. anorg. Chem., 1921, 119, 305. 

^ Pfiuger^s ArcUv, 1914, 155, 547 ; Biochem. Zeitsch., 1921, 113, 257 ; 1924, 146, 461. 

Biochem. Zeitsch., 1923, 135, 558. « Zeitsch. 'physiol. Ghem., 1916, 91, 31. 

^ J. Ghem. Soc., 1925, 127, IW. 
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It is found that this treatment brings about two distinct changes in 
the surface ; firstly, a general extension, of which a large portion 
possesses approximately the same specific catalytic activity as the 
original charcoal. In addition a small portion, only some 2-0 per cent, 
of the surface is extremely active, and owing to the sensitivity of these 
portions to poisoning by potassium cyanide it is probable that these 
portions are the true promoted iron charcoal systems. 

These reactions afiord an excellent example of the two effects of 
promoters discussed in Chapter III. 

The Preparation of Acids 

The further oxidation of the aldehydes into the corresponding acids 
by a catalytic process has been successfully developed in the case of 
acetaldehyde ; as catalyst, manganese acetate, or more rarely the 
formate, butyrate, lactate, or benzoate, dissolved in acetic acid is 
employed in the proportion of 300 kilos, of aldehyde to 3 Mlos. of 
manganese acetate. Aeration is accomplished under pressure, and the 
aldehyde is converted practically quantitatively into acetic acid. 
Several difficulties were associated with the earlier phases of the 
process. The reaction is strongly exothermic, and a very efficient 
cooling system has to be employed; at the same time a sufficient 
depth of liqmd to ensure proper aeration must be maintained. AU 
metals sufficiently robust to stand the pressures employed are rapidly 
attacked under the combined influence of oxygen and acetic acid, thus 
entailing a heavy repair bill. Pure aluminium liners are frequently 
employed. The most serious difficulty is the danger of explosion 
associated with the formation of the extremely unstable peracetic acid, 
CHg , GO . OOH, under continued aeration in the presence of the 
manganese salt; over-aeration has thus to be carefully avoided. 
Grunstein and Behrens have shown that other catalytic substances] 
such as the oxides of vanadium, uranium, cerium, and iron, possess an 
activity eqi^ to that of the manganese salts,i but that their use is 
attended with a greater risk of explosion, since these salts are not 
specially active in the removal of the peracetic acid by reduction, with 
aldehyde, Iccording to the equation 

CH 3 . CO . OOH + CH 3 . OHO - 2 CH 3 • OOOH, 

a reaction which is accelerated hy manganese. In technical working 
a 30 per cent loss occurs, due to further oxidation of the acetic acid to 
carbon dioxide and water. 

Ethyl alcohol can he directly oxidised to acetic acid by adnuxtuie 
m the vapoui state -with air and passage over platinum black or 
vanadium pentoxide. 

The preparation of oxalic acid by the oxidation of sugar and starches 
^ GompU rend., 1907 , 145 , 124 . 
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is no longer accomplished by means of hot nitric acid, which entails a ve 
considerable loss in the form of carbonate, tartaric, mncic, and sacchai 
acids, but nse is made of the observation ^ of Naumann, Moeser, ai 
Lindenbaum that the addition of 0-2 per cent of vanadic oxide eSects t] 
conversion almost quantitatively in the cold in from ten to twenty houi 


The Use of Catalytic Oxidation Processes in the 
Dye Industry 


Aniline black. — The preparation of aniline black, one of the mo 
important dyes for cotton yarns, was first developed by John Lightfoc 
of Accrington, in 1863, and is now largely employed in ail the dyeii 
industries. 

The constitution of the dye was proved by A. G. Green, ^ wl 
contributed a very important addition to the number of cataljrfc 
oxidation processes of technical importance. Aniline black is essential 
an oxidation product of amline ; during its course of oxidation, thr< 
distinct stages of oxidation can be observed : 

(1) Emeraldine, which is blue in the form of the free base an 

gives green salts. 

(2) Nigraniline, which is a dark blue base and gives blue salts. 

(3) Ungreenable black or aniline black. 

According to Green, oxidation proceeds by a series of quinonoi 
additions in the following order : 


OeH5.NH, + G6H5.NH, 


I 


G6H5.N:C6H4;NH 


(Caro’s yellow imide) 


I Direct quinonoid addition 
Y (acid c 


L conditions) » 

OgHg . NH . CgH^ . NH . G 6 H 4 . N : GgHi . NH 

(Willstatter’s Line imide) 

'I' Oxidation 

C6H5.N:C6H4:N.G6H4.N:C6H4:NH 

iWillstatter’s red imide) 

CgHg . N : CgH 4 : N . . N : GgH* : N . [C^H^ . NHlg . GgH* . NH, 

Emeraldine 

n|^ Oxidation 

GgHg . N : CeH 4 : N . . N : G^H^ : N], . . NH . G.K, . NH, 


G6H5.N;G6H4;N.GeH4.N:GsH4:N.CeH4.N:G6H4:N.C6H4.NH.G6H4.15 

Nigramline 


+ GeH5.NH,.HCl 


^ J. pr. Gkem. (ii), 1907, 75, 146. 


1 B.P. 17424/1911. 



vn 


PROCESSES OP OXIDATION 


211 


t 


H Cl CgHs Cl CgHs Cl OeHs 
i • ■ , / H \y E E 

N N N N N N N 






Aniline black. 


The usual oxidising agents employed are bichromates or sodium 
chlorate, whilst copper sulphate, copper sulphide (prepared by the 
double decomposition of copper sulphate and sodium sulphide), or 
vanadium chloride are used as catalysts. 

For example, a 15 per cent aniline hydrochloride solution (neutral- 
ised with free base), with 5 per cent of sodium chlorate as oxidising 
agent, is mixed with 5 per cent of a 54 per cent copper sulphide paste 
to form an efiective dyeing-bath. The quantity of vanadium salt 
required to exert the same catalytic activity as the copper salts normally 
employed is far less. Sabatier ^ states that only 1 part in 70,000 parts 
of aniline is required ; Witz estimates the ratio at 1 : 270,000, whilst 
the following is the composition of a dye-bath actually employed. 

Parts by weight : 

8 per cent aniline hydrochloride. 

1*5 per cent aniline. 

4 per cent sodium chlorate. 

5 per cent vanadium salt solution. 

The solution of the catalytic material is made as follows : 8 grms. 
of ammonium vanadate are dissolved in 40 grms. of 30 per cent hydro- 
chloric acid and 80 c.c. of water. Ten grms. of glycerin are added, 
and the whole is made up to 2 litres. The ratio aniline salt to vanadium 
salt is approximately 47,500 : 1. This dyeing-bath is, it is stated, not 
so good as the copper sulphide catalyst bath, since it is rather too rapid 
in operation, and part of the dye is deposited in the solution itself or 
loosely adherent to the fibre. 

Green, ^ in 1907, made the interesting discovery that bichromate 
and chlorates could be replaced by air as oxidising agent provided that 
certain promoters were added to the catalytic agents usually employed. 
In this way a considerable economy in materials was effected, and all 
tendering of the fibre occasioning weakening due to the formation of 
the oxycelluloses was avoided. 

As promoters, small quantities of a ;p-diamine or ^-amidophenol 
were found most elective. The use of amidophenol, ^-phenylene- 
diamine and its sulphonic and carboxylic derivatives, dimethyl-j3- 
phenylenediamine, ;p-amidophenylanLline, benzidine, diamidodiphenyl- 


^ La Cakdi/se, 


2 B.P. 16189/1907. 
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aniHne, quinone, mono- and di-imides and their chlorides, ^jo-nitrophenol, 
nitrodimethjlaniline, p-amidophenylqninonimide and their homologues 
and derivatives, is claimed. 

The addition of 4 per cent of the promoter on the weight of aniline 
taken is said to he sufficient. The mechanism of operation has not 
been fully explained, but the catalyst probably hastens the oxidation 
process by the intermediate formation of complex indamines. Iron, 
cerium, uranium, and osmic salts exert similar catalytic activity in 
this oxidation process, but have not received technical application. 

Methyl-violet and fnchsine. — Cupric chloride and small quantities 
of phenol are frequently added in the oxidation of dimethylaniline to 
methyl- violet. It is said that with suitable proportions of catalyst 
and promoter (phenol) the oxidation can be efiected with atmospheric 
oxygen in lieu of the sodium chlorate usually employed. 

In the oxidation of aniline and o- and p-toluidine to fuchsine, nitro- 
benzene can be used as oxidising agent in the presence of a small 
quantity of a vanadium salt or shghtly larger quantities of ferric chloride. 

Indigo. — ^Heumann's synthesis of indigo, which was successfully 
developed by the Badische Co., was based upon the primary conversion 
of crude naphthalene into phthahc acid, utilising fuming sulphuric acid 
as an oxidant : 



COOH 
I I— COOH- 


It may be noted in passing that the growth of the contact sulphuric- 
acid process in Cermany was determined by the demand for fuming 
sulphuric acid in the production of this dye, 

Groebe ^ accidentally discovered that mercury was an effective 
catalytic agent in this process of oxidation between 200° and 300°. 
Further investigation, singularly enough, proved that mercuric sulphate 
was one of the most efiective ; copper sulphate, although exerting a 
reasonable catalytic activity, is inferior, although a mixture of copper 
and mercuric sidphates is superior to either constituent used singly.^ 
Mckel and iron are slightly active, whilst the salts of manganese, 
potassium, and magnesium are inactive. 

The use of a small globule of mercury or a strip of copper in the 
usual Kjeldahl process of nitrogen estimation is a striking application 
of these catalysts to the oxidation of nitrogenous organic matter by 
strong sulphuric acid. 

The patents of Rosenthal ® also illustrate the oxidising action of 
mercury salts. The 10 per cent yield of tertiary bases of the aromatic 
group obtained by oxidation of tertiary aromatic amines with sulphuric 
acid at temperatures above 200° is increased to a 60 per cent yield in 
presence of mercury. 

^ Ber., 1896, 29, 2806. ® Bredig and Brown, Zeiisch. physikcd. Qhem,, 1903, 46, 502. 

3 I).R.B. 127179 and 127180. 
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Autoxidation axd Induced Oxidation 

The investigations on the direct oxidation by means of oxygen gas 
of a number of organic substances has indicated that the process cannot 
take place by means of a simple addition, e.g. 

2 X + O 2 — >2X0, 

where X is the substance undergoing oxidation to the stable oxide XO. 
The classic researches of Schonbein ^ indicated clearly that, in many 
cases of oxidation, for every molecule of oxygen consumed a molecule 
of oxygen was simultaneously converted into a more active state ; this 
active oxygen could then secondarily react either with more oxygen to 
form ozone, with water to form hydrogen peroxide, or in the presence 
of other oxidisable substances could oxidise them, frequently causing 
oxidations which cannot be accomplished by ordinary atmosplieric 
oxygen. For example, hydrogen peroxide is formed during the rusting 
of lead, zinc, and probably iron ; ozone is formed during the oxidation 
of phosphorus. Indigo is converted into isatin during the autoxidation 
of palladium hydride, benzaldehyde, or turpentine. Yarious of the 
more important theories which have been advanced to explain the 
mechanism of these processes may be briefly classified as follows : 

The dualistic theory. — Schonbein^ was of the opinion that these 
cases of autoxidation were best interpreted on 0. Brodie’s ^ hypothesis, 
in which ordinary oxygen during the process of oxidation is split up 
into two parts, ozone ” and “ antozone : 



0 , 

+ 

0 , 


or ozone, 
or antozone. 


R. Clausius ^ more definitely stated that Brodie’s ozone and antozone 
could be regarded as atonaic oxygen of opposite electric charges : 


O 2 — > 6+0'. 

Van ’t Hofl,^ as a result of his experiments on the autoxidation of 
phosphorus, introduced the hypothesis that atmospheric oxygen is, 
already prior to any process of oxidation, normally partly dissociated 
into charged atomic oxygen, and that the equilibrium 6 + 0' 

must be considered as an important factor in oxidation phenomena. 

According to the above hypothesis, all processes of autoxidation 
are dual in character, two substances simultaneously undergoing 
oxidation. Engler® has attempted to distinguish between these by 
terming the substance undei^oing oxidation the autoxidiser, ' and the 


^ J. pr. Chem., 1858-1868, 73-99. ® Loc. dt, ® PhU. Trans., 1850, 141, 759 et seg[. 

^ Pogg, Ann., 1858, 103, 644. « Zetisch. physical. Gh&m., 1895, 16, 411. 

® Kritische Studien uber die Autoxydalionsvorgdnge, Braunschweig, 1903. 
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substance simultaneously oxidised tbe acceptor. It is evident that 
either the autoxidiser or the acceptor may react, on the one hand, with 
the ozonic, or, on the other, with the antozonic form of the active 
oxygen, depending on the chemical nature of the substances undergoing 
oxidation ; thus water, phosphorus, the alkali metals, and the alkaline- 
earth metals form antozonides on oxidation, whilst ozone and the 
chromates, permanganates, hypochlorites, and vanadates, as well as 
lead, zinc, nickel, bismuth, silver, and manganese oxides, are ozonides. 

Van ’t HoE noticed that in the case of phosphorus undergoing 
atmospheric oxidation in the presence of indigo acting as acceptor, a 
continuous supply of fresh acceptor was required to maintain the 
velocity of oxidation up to a measurable speed. He consequently 
argued that the reaction O 2 6 + 0' must be a reversible one, since 
the accumulation of the ozonic form of active oxygen normally removed 
in the oxidation of the indigo to isatin retarded the action of the 
antozonic oxygen on the phosphorus.^ 

It must be admitted that a search for the charged ozonic modifica- 
tion of oxygen which should be present in the air after passage over 
phosphorus has yielded conflicting results. Elster and Geitel^ noted 
that air thus treated was electricaUy conducting,^ and Goekel ^ showed 
that this conductivity was not due to the presence of ozone, which 
could be absorbed without destroying the conductivity. Barns, ^ 
Harms, ^ and Bloch, ^ on the other hand, have shown that the con- 
ductivity cannot be attributed to the ozonic oxygen or charged ionic 
oxygen, but is due to oxides of phosphorus collected round charged 
nuclei forming aggregates of relatively large dimensions (f = 10'^ cm.), 
whilst the actual number of charged ions observed fell far short of the 
stoichiometric ratio, oxygen absorbed : oxygen ionised ==1 : 1, postulated 
by the hypothesis. 

E. Hoppe-Seyler ^ and Baumann adopted the same hypothesis as 
Schdnbein, but substituted the term nascent ’’ oxygen for Schonbein’s 
ozonides and antozonides ; according to these investigators, processes 
of autoxidation may be represented by the general equation 

X -F O 2 — >- XO + nascent oxygen, 

and such nascent oxygen was to be regarded as possessing superior 
activity to the substance in the ordinary molecular state. It is evident 
that the difference in view is one of nomenclature rather than of 
principle. 

^ See J. Joubert, TJiise sur la phosphorescence du phosphore, 1874; T. Ewan, Fhil. Mag., 
1894 (v.), 38, 512 ; J. Chappuis, Bull. Soc. chim., 1881 (ii.), 35, 419, 

- Wied. Ann., 1890, 39, 321 ; Physikcd. Zeitsoh., 1903, 4, 457, 

® See also Mattenci, Encyc. Brit., 1855, 8, 622 ; Naccari, Atti delle Scienze di Torino, 1890,* 
25, 252. * Zeitsch. physihd. Chem., 1903, 4, 16. 

® Experiments with Ionised Air, Washington, 1901. 

® Zeitsch. physikal. Ghem., 1902, 3, 111. ^ Ann. Chim. Phys., 1905 (viii.), 4, 25. 

® Zeitsch. physiol. Ghem., 1878, 2, 22. 
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The intermediate compound theory. — M. Traube/ Gisammetti,^ 
. Bach? C- Engler and Y. Wild? and others developed the hypothesis 
I the intermediate compound. 

Thus, according to M. Traube, the. process of autoxidation of the 
letals with the simultaneous formation of hydrogen peroxide takes 
lace through the presence of water as intermediary, as represented by 
le equation 

jM + 0 ;H 2 + O2 — MO + H2O2. 

Hydrogen peroxide is thus reduced oxygen, and not oxidised water 
j postulated by Schonbein and his co-workers. The curious reducing 
jtions of hydrogen peroxide, e,g, 

Ag 20 + H2O2 = 2 Ag + H2O O2J 

:e cited to support this claim. 

According to Traube, the stoichiometric ratio 

MO : H2O2 : : 1 : 1 

jed not necessarily be observed in practice, as the secondary reaction 

M + H202=M(0H)2 

ay take place. Such a reaction is extremely unlikely, and the usual 
screpancy between the theoretical quantity of peroxide and that 
tuahy obtained must be put down to thermal decomposition. 

The necessity for the presence of at least small quantities of water 
ipour in processes of combustion ^ has been observed by miany in- 
ipendent investigators, and its function as an intermediary catalyst 
electrolyte to complete the voltaic circuit need not be discussed at 
is point. The application of this principle to explain certain cases 
autoxidation and induced oxidation forms an important extension 
the hypothesis. It will be noted that the formation of substances 
ch as ozone, permanganate, and the oxides of the heavy metals, 
j. Schonbein’s ozonides, must be considered as secondary reactions 
king place between the hydrogen peroxide and the acceptor. In 
me cases, as, for example, in the formation of ozone from oxygen 
id hydrogen peroxide, or of silver oxide from hydrogen peroxide and 
ver, this assumes exceedingly improbable reactions. 

A. Bach adopted another point of view, in which an intermediary 
roxide was first formed, prior to the decomposition into an oxide 
d with simultaneous oxidation of the acceptor. Thus, in the oxidation 

^ B&r.t 1882, 15, 663 ; 1893, 26, 1471. ® Abhandlungm, Berlin, 1899. 

® Compt rend,, 1897, 126, 2, 951. * Ber., 1897, 30, 1669. 

® See Mrs. Fnlhame, An Essay on CorrJmstion, London, 1794 ; H. Dixon, BhU. Trans., 
14, 175, 630 1 J. Ch&in. 80 c., 1886, 49, 95 ; and H, E. Armstrong, Brit, Assoc, Meports Proc. 
t. 80 c., 1886, 40, 287. 
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of a metal in the presence of water, a metallic oxide and hydrogen 
peroxide are assumed to be formed according to the following scheme : 


M + 0, = M< 


.0 


'0 


,0 


m/ +H20 = M0 + H202- 

^0 


In the oxidation of phosphorus with the simultaneous production of 
ozone we may adopt the equations of Engler and Wild,^ or of Ostwald,^ 
to explain the mechanism on Bach’s intermediate peroxide theory : 


(o) 2P + 02=PA 

P2\ + ^2 — 1^2^ "^^3’ 

^0 


( h ) 2P + 202 = P204-P20 + 03, 

giving tlie stoicMometric ratio P : Og : : 2 : 1, the ratio actually obtained ■ 
by van 't Hoff. 

Bodlander,^ and Baeyer and Villiger/ in researches on the oxida- 
tion by air the actor, of benzaldehyde the inductor, with indigo as an 
acceptor, gave additional support to Bach’s theory by the isolation of 
an intermediary peroxide, benzoyl hydrogen peroxide : 

CgHs . CHO 4- O 2 - CgHg . CO : 0(0H), 
which peroxide could then react in two distinct ways : 

(a) With another molecule of benzaldehyde, 

CgHs . CO : 0(0H) + C^Hs . CHO — > 2CeH5 . COOH. 

{h) With the acceptor indigo, 

C 6 H 5 -^ go : 0(0H) + indigo — CgHg . COOH+isatin. 

The hypothesis of a primary formation of an unstable peroxide of 
the inductor has been further strengthened by isolation of such salts 
in the case of cerium oxide by Job,® and in the case of ferric and ferrous 
iron by Manchot,® Goard and Rideal/ Bohnson and Robertson.® 

It is clear that this hypothesis may be extended in the following 
manner. The primary reaction between inductor and oxygen to form 
an unstable peroxide may be represented as follows : 

( 1 ) A + 

^ B&r.f 1897, 30, 1669. ^ Zeitach, physikal. Ghem,, 1900, 34, 250. 

3 Ahrens Samndung, 1889, 3, 470. ^ Ber., 1900, 33, 585, 3480. 

^ Ann. Chim. Fhys., 1900 (vii.), 20, 205 ; Compt. rend.^ 1902, 134, 1052. 

® Zeitsch. anorg. Chem.f 1901, 27, 397 ; Ber., 1901, 34, 2479. 

Proc. Boy. Soc. (j4), 1924, 105, 150. 

® J. Phys. Che.m.y 1921, 25, 19 ; J. Amer. GTiein. Soc., 1923, 45, 2493. 


TII 


PROCESSES OF OXIDATION 


217 


tlie 


tlie 


In tlie case of reactions proceeding to the stage (3) tlie final result 
of oxidation is evidently the complete oxidation of the acceptor B to 
the stable oxide BO. For every molecule of B undergoing oxidation 
at least one molecule of A has undergone a similar process, but if a 
reaction according to (2) can take place, more inductor than acceptor 
wiU be found oxidised in the system. 

In addition to the cases cited above, the following examples indicate 
the diversity of these coupled reactions : 


Actor. 

Inductor. 

Acceptor. 

HgCl^ 

NagSOs 

NagAsOg 


Ce(0H)3 

Ni(OH)3 


NagSOg 

NagAsOg 

Og 

SnCl, 

Pe(NH4)2S04 


Na^SOa 

NaNOa 


The conditions under which a coupled reaction consisting of two 
reactions exemplified by Equations (1) and (3) may be converted into 
a catalytic reaction in which the inductor A becomes a catalyst, as is 
indicated by Equation (4), have been investigated by Goard and Rideal,^ 
who showed that if the oxidation potentials of the system conformed 
to the following scheme : 

Xacieasing oxygen potential. 


> 

; 1 

^ j 

V J 

^ 

/ 

\ 1 

1 




AO, BO AO^ 
Pig. 14. 


the reaction was coupled ; whilst reduction of the oxidised inductor 
AO would be achieved and the reaction rendered catalytic, in that the 
inductor would function as a catalyst for the oxidation of the acceptor 
B if the oxidation potential of the reactants conformed to the scheme 

1 Proc. Roy, Soo. {A), 1924, 105, 134, 148. 


The peroxide AO 2 may then react with another molecule at A, 

(2) A-fAO, — ^2AO, 

a view supported by Moureu in his extensive researches on 
mechanism of inhibition of these autoxidations. 

Alternately the peroxide AOg may react with the acceptor B, 

(3) B+AO 2 — ^AO + BO, 
to form stable oxides both of A and of B. 

In some cases the oxide AO may be again reduced by B to 
inductor A, AO + B-^A+BO. 
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(Eig. 14a). It is clear that the acceptor B can now reduce the oxidised in- 
ductor AO back to the original state A, in which it is capable of forming 
anew the unstable peroxide 

Increasing oxygen potential. 


; 


. 1 

V / 



1 

E 

5 ; 

\ 




AO, BO AO2 
Fig. 14a. 


This transition from a coupled to a catalytic oxidation process and 
vice versa, in agreement with the hypothesis of the order of the oxidation 
potentials outlined above, was examined for two particular cases. 

Salts of the colourless cerous oxide Ce^Og are found to undergo 
coupled oxidation with arsenites in alkaline solution, but catalytically 
accelerate the oxidation of a number of sugars such as glucose, lactose, 
and fructose. 

The oxidation potentials were found to be in the order 

(i.) Cerous salt (inductor), arsenite (acceptor), equilibrium mixture, 
perceric salt. 

(ii.) Sugar (acceptor), cerous salt (inductor and catalyst), perceric salt. 

In the case of Schonbein’s reaction, the separation of iodine from 
potassium iodide in the presence of ferrous salts and hydrogen peroxide, 
it was found that in neutral solution the oxidation potential of the 
inductor, the ferrous salt, lay far below that of the acceptor, potassium 
iodide, and that the reaction was consequently coupled. In acid solu- 
tion, on the other hand, the relatively high oxidation potential of the 
inductor leads to its constant regeneration in presence of excess of the 
acceptor, so that the reaction becomes catalytic. 

The actual course of change in the case of cerous compounds acting 
as a part of a coupled reaction, e.g, in the oxidation of arsenites, has 
been examined in detail by Job,^ who has identified the existence of 
cerium salts in three states of oxidation — the colourless cerous salt 
corresponding to CcgOg, the yellow ceric salt CeOg, and a red peroxide. 
He suggests the following mechanism of change : 


/OH 

2C g; ~-OH + Oo - 

\OH 


OH. /OH 

OH-^Ce— 0— 0— Ce^OH 4 - H^O 

oh/ \oh 


Unstable peroxide. 


OHs /OH 

OH-^Ce— OH + HO— Ce^OH. 
OW \0H 


Hydrated ceric. 


Loo. cit. 


Unstable 

hydroperoxide. 
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While the intermediate peroxide theory appears to be well sub- 
stantiated, and the theoretical anticipations of the conditions of change 
from a coupled to a catalytic oxidation experimentally verified, there 
are nevertheless certain points which still await definite experimental 
verification. 

We have noted that Monreu and his co-workers have come to the 
definite conclusion that the process of simple oxidation of a substance 
such as benzaldehyde proceeds through two steps, exemplified by the 
equations 

(1) A-f0,=A02, 

(2) A02 + A = 2A0. 

The question whether a reaction according to (2) actually takes place 
has not yet been definitely answered. As has already been indicated, 
Titoff’s experiments on the oxidation of sulphites indicated the 
probability at least, if not the necessity, for a catalyst to be present. 
It wotild appear equally plausible to assume that the mechanism 
postulated by Moureu really involves two steps, in which a catalyst C 
plays a part : 

A02 + C=A0 + C0, 

CO-fA=C + AO. 

If positive catalysts are actually always required to cause the 
interaction of the unstable peroxide with the unoxidised substance so 
as to form an “ electrical circuit ”, the many diflS.culties associated with 
the remarkable efiects of small traces of inhibitors already referred to 
(pp. 142-157) do not arise. 

The second point on which conclusive evidence* is still lacking is 
how far the original hypothesis of the formation of an imstable 
peroxide by direct interaction of the substance with molecular oxygen 
Ls tenable. Armstrong rejects the hypothesis, in that according to his 
view all these processes must be electrolytic in character. Thus the 
inhibition by hydrogen cyanide of the decomposition of hydrogen 
peroxide by coUoidal platinum is expressed as the formation of unstable 
‘‘ perhydrols ” with their reversible interaction : 

/OH- HO ... H HO .OH 

-f -f =HPt.0H + 2H20, 

^H HO ... H HO .OH 

.OH H ... OH OH 
HPt.OH+ +OH{CNH)H 

.OH H ... OH OH 

/OH 

= Pt< + 2 H 2 O -h 2 H 2 O, + HO(CNH)H, 
^H 
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and similar Lydroxylations effected by the depolarising effect of oxyge 
on tbe elements of water acting as part of an electrical circuit must b 
imagined as tbe mecbanism of formation of tbe peroxides req^uired fo 
these processes. Some interesting peculiarities in oxidation catalysi 
are to be noted in tbe investigations of Rutter ^ on catalysis wit’ 
vanadium salts. Many examples of tbe effectiveness of these compound 
as oxidation catalysts are to be found, such as tbe oxidation of sulpbu 
dioxide, naphthalene, and benzene with air, of anibne by chlorates, o 
mercury by bromates or hydrogen peroxide, and in the catalyti 
decomposition of hydrogen peroxide. 

The general method of representation of these catalytic change 
may be written 

MO2 ^ MO + Y^jpper^ 

^upper H- X ^ XO 4 - Viower. 

The necessity for the oxidation potential of V^pper "fco be less than tha 
of MO2, but less than that of XO, has already been indicated if catalysi 
is to occur at aU. It is also clear that in addition the question 0 
reaction velocity in the chemical reactions involved must be considered 
Thus we find Y™ can, like F and Ee^ ions, reduce certain highe 
oxides. ions, however, reduce HCIO3 more rapidly than I^ 0 
Ee^ ions, but reduce H2S2O8 less rapidly than these ions. 

The interaction between HCIO3 and HI is relatively slow, and is thu 
effectively catalysed by vanadium salts on account of the speed 0 
the reactions V^-f-HClOg, V^ + HClOg, and V^ + HI. On the othe 
hand, the reactions EeS04+H2S208 or HI+HgSgOg are scarcely affected 
by vanadium salts owing to the slow speed of the primary reactioi 
Y’‘* ^HaSgOg compared with that of the ferrous or iodine ion. Rutte 
noted also that such catalytic oxidations might be attended with 1 
primary coupled reaction, as in the following case : 

Chromic acid 4- HI + or ^ I2 4 * 4 - chromium salt. 

Actor. Acceptor. Inductor. 

The reaction proceeds in the following steps : 

CrOg+V^i— ^ Cr^Og+VL Cr 20 g 4 -F-^ 013034-1. 

Such reactions may be attended by periodic phent)mena, as noted b; 
Bray,^ who found that under certain conditions the catalytic decom 
position of hydrogen peroxides by iodates, according to the reactions 

5H2O2 4 - 12 - 2HIO3 + 4H2O, 
bHgOg 4 " 2HIO3 — 5O2 4 " Ig 4 ~ fiHgO, 

acquired a periodic character. There is, however, a possibility tha 
such periodicity may be due to inhomogeneity of the reacting solution 

* Dissertation, Berlin, 1906. ® J, Amer. OTiem. 8oc,, 1921, 43, 1262. 
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The Drying of Oils 

Tile use of siccatives to accelerate the drying of the oil in paints 
and varnishes is a very usual one, and has been the subject of much 
experimental investigation. It has long been known that linseed oil, 
when exposed in thin films to the air, undergoes slow oxidation, a 
property used both in the paint and varnish industry as well as in the 
manufacture of linoleum. 

Lippert,^ Weger,^ and Kissling ^ showed that the ‘‘ drying ’’ was 
virtually a process of autoxidation, and that linseed oil could absorb 
or combine with more than 20 per cent of its weight of oxygen. 

The reaction velocity of this process of autoxidation was first 



examined by A. Grenthe/ who found that the increase of weight-time 
curve exhibited the usual sinuous character of an autocatalytic reaction 
(Fig. 15). 

It had therefore to be assumed that in the oxidation of linseed oil 
to Hnoxyn, a product, either an intermediary or the result of some 
side reaction, was formed, which exerted a catalytic function on the 
autoxidation of the oil. 

If a, 5 be the initial concentrations of linseed oil and autocatalyst 
respectively, then the rate of oxidation of the oil after a time t 
when X of the linseed oil has already been oxidised, is given by the 
equation 

^=E{a-x){J) + x), 


^ Zeiisch, angew. Ohem.y 1898, 11, 412. 
3 Zeitsck. angew. Gh&m.y 1891, 4, 395. 


2 Ghem. JKev. FetuHarz-Ind.y 1899, 4, 
^ Ibid,y 1906, 19, 2087. 
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the glycerides -of which, according to Orlofi,^ undergo oxidation with 
the formation of peroxides, e.g. 

CH3 . CHa . OH . OH . CH^ . CH . GH . CH^ . CH . CH(CH2)7 . CO,R 

\/ II \/ 


0 0—0 0 


and 


CH, . CH, . CH . CH . CHa . CH . CHCCHa)^ • CO2K, 

^ \/ II 


0 0—0 


R being the glycerine radical. 

Eahrion ^ considered that the peroxide present in Orloff ’s oxidation 
products would be unstable and undergo intramolecular change to a 
ketoxy-group, forming, after condensation and elimination of water, 
the varnish-like stable solid linoxyn : 

CHg . CH, . CH . GH . CHg . CH . CHCCH^)!. . COgR 

\/ 1 I I 

0 4- 0—0 


CH3 . CHj . CH . CH . CHa . CH . OH . COCCHa)^ . CO2K. 

\/ 

0 

Salway, on the other hand, whilst postulating a different structure for 
linolenic acid from Erdmann, accounts for the formation of traces 
of aldehydes and carbon monoxide and dioxide during the process 
of autoxidation by postulating the intermediary formation of a 
dioxygenide : ^ 

CH3 . CH2(CH2)3 . GH = CH . CH = CH . CH - CH(CH2)7 . CO^R 
CH3 . CH2(CH2)2 . CH . GH . CH = CH . CH— CH( 0 H 2 ) 7 . CO^R 

0—0 0 — 0 



Linoxyn would thus be, substantially, a condensed aldehyde in un- 
changed linseed oil. 

On the addition of very small quantities of siccatives such as the 
salts of manganese, lead, and, more rarely, cobalt, vanadium, and 

1 J. Muss. Fhys. Ohem. Soc., 19X0, 42, 658. 2 zdtsch. angew. Ohem., 1910, 23, 723. 

® See Salway and Kipping, J. Chem. JSoc.’t 1909, 95, 166. 
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uraniumj the drying process is considerably shortened and 
S-shaped curve follows that indicated by II.^ 

It is still a matter of dispute whether the siccative is a cat; 
per se for the oxidation of linseed oil, or whether it catalyticaUy has 
the formation or stabilises the presence of the autocatalytic perc 
and thus exerts a pseudo-catalytic function. 

If initially present in very large quantities the quantit] 
autocatalyst may be neglected and the form of the curve woul< 
represented by the simple equation 

j = h'{a-x). 

Some experiments, however, by Eideal point to the persistenci 
the period of induction ”, followed by a rapid rise in the valu 
dt / dx I we must therefore assume that the siccative is pseudo-catal 
in behaviour and serves either to stabilise or assist in the formatio, 
the autocatalytic peroxide. 

The metallic salts of weak acids are usually employed, e,g, 
borates. These^ however, sufier from the disadvantage of b( 
insoluble in the oil. Under these conditions, the influence of 
siccative present as a heterogeneous phase in the oil is not very marl 
and, at the same time, the small solid particles present in the oil, e 
when they are chemically inert, as, for example, in the case of si 
or barytes, act as negative catalysts,^ since they assist in the 
composition of the autocatalytic peroxides. For this reason soli 
organic salte, usually the soaps, are generally employed. Lead oles 
cobalt linoleate, and manganese rosinate are examples of such soaps 

Ingle,^ and Mackey and Ingle, ^ as a result of a long series 
investigations on the action of siccatives, arrived at the follow 
conclusions : 

(1) In its oil soluble form, i.e, as a soluble metallic soap, th 
metals which exist in more than one state of oxidation act as dri( 
provided that the salts of the lower oxides are more stable than thi 
of the higher oxides. 

(2) Metals which form a number of oxides are more active than i 
mono- or divalent metals. 

The results obtained in the investigations of Ingle are summaris 
in the following table (Kg. 16). The black lines indicate the tii 
required for 7 grms. of cotton-wool, oiled with 14 grms. of linseed - 
(iodine value 178), and mixed with 2 per cent of metallic soap, to atta 
a temperature of 200° in a cloth oil-tester. The shaded lines give t 
corresponding times required for 14 grms. of olive oil (iodine value 5 
to attain the same temperature under similar conditions. 

Copper proved to be somewhat erratic in behaviour, acting first ; 

^ See p. 221, anfe. Gardner, J. Ind. Eng. Chem., 1914, 6, 91. 

® J. 8oe, Ghem. Ind., 1916, 35, 454. * Ihid., 1917, 36, 317. 
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an accelerator and subsequently inhibiting the oxidation. It was 
shown that this action was due to the precipitation of cuprous oxide in 
the oil on elevation of the temperature. 

It win be noted that both sodium and silver show catalytic activities 
which are considerably higher than would be expected from Mackey 
and Ingle's generalisations, and for which no explanation is as yet 
forthcoming. 

Further investigation on the influence of H' and OH' on the 
reaction velocity may indicate that the optimum conditions are to be 
found when the oil, which always contains small quantities of water 



Fig. 16 . 


resulting from the autoxidation, is slightly alkaline, the sodium soap 

serving to neutralise the small quantities of relatively strong acids, I, 

such as acetic and formic acid, which are by-products of the oxidation. , 

In the case of the silver soap, the precipitation of coUoidal silver, 

especially since CugO has been shown to be formed above 100°, may be 

expected, and this would probably show enhanced activity as an oxygen 

carrier. 

Ingle attributes the action of siccatives to the intermediary forma- 
tion of peroxides. Thus, on the addition of litharge to linseed . oil 
partial saponification of the glyceryl linolenate results in the formation 
of lead hnolenate and glyceryl plumbo-hnolenate : 

C3H5(0L)3 + 2PbO — ^ PbOg . G3H5OL + Pb(OL)2. 

Q 
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Both these lead salts can form compounds with atmospheric oxygen to 
give compounds of tetra valent lead : 



.0 

i 

0 


in which L denotes the linolenic acid radical. 

Further reaction may then occur with the unsaturated double 
linkages of the fatty acids and glycerides present in the oil ; 

L0> .0 CH LO. 0— CH= 

>K +il — > >l> + j 

LO^ ^0 CH LO^ 0— CH = 

and thus hasten the normal oxidation velocity of the oil. 



CHAPTER VIII 


HYDROGEN AND HYDROGENATION 

The Manufacture op Hydrogen 

Ihe increasing employment of hydrogen in modern technical processes, 
IS, for example, in the hydrogenation of oils and the fixation of atmo- 
spheric nitrogen as ammonia, has created the problem of a cheap 
lydrogen supply. Moreover, the demand in catalytic hydrogenation 
processes for purity of materials necessitates in many cases the pro- 
iuction of hydrogen in a high degree of purity. 

The sources of hydrogen supply are various. Electrolytic hydrogen, 
laturally, can be readily obtained with the necessary degree of purity, 
)ut the cost factor in the majority of circumstances renders its use 
prohibitive. By another method, in use on a large technical scale, 
lydrogen is produced by the decomposition of steam in presence of 
leated iron, the resulting oxide of iron being reduced to the metallic 
sondition by means of water gas. With careful regulation, this process 
nay be made to yield hydrogen of the requisite purity. Without due 
Lttention, however, the presence of prohibitive concentrations of carbon 
nonoxide in the gas, resulting from the action of steam on carbon 
leposited in the iron from the water gas during the reducing phase, 
nay render the hydrogen unsuitable for use in certain catalytic opera- 
ions. Furthermore, the economy of the process is, at present, low, 
,nd the cost factor, therefore, somewhat high. 

The analogous process of Bergius, already investigated upon a 
mall technical scale, generates hydrogen under high pressure and with 
;reat purity, by the action of liquid water upon finely divided iron at 
noderate temperatures in closed steel bombs. The pressures employed 
,re generated by the reaction itself and are sufficient to maintain the 
skater in the liquid state. The temperatures required, apart from the 
oitial heat necessary to start the reaction, are maintained by the 
xothermicity of the reaction. Like the previous method of prepara- 
ion, the process is discontinuous, the oxide of iron produced simul- 
aneously with the hydrogen requiring subsequent reduction to the 
aetalHc state. 
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Hydrogen may also be produced from water gas by liquefaction 
of the carbon monoxide at tbe temperatures of liquid air boiHng under 
reduced pressures. By tbis method complete separation of the con- 
stituents of the water gas is not readily attainable and, in common 
practice, a hydrogen containing from 2 to 3 per cent of carbon monoxide 
is generally obtained. A more complete separation of the two gases 
may only be obtained with a prohibitive decrease in the yield of 
hydrogen, since a mixture of hydrogen with 2 per cent of carbon mon- 
oxide behaves almost exactly like hydrogen in its physical properties. 
Actually, the yield of hydrogen would be considerably increased if a 
95 per cent hydrogen were obtained by the liquefaction process, the 
remaining 5 per cent of carbon monoxide being subsequently removed 
by other means. 

The water-^as catalytie process. — ^The most recent technical method 
for the production of hydrogen, and in many ways the most promising 
as regards cheapness of production, involves a catal 3 rfcic operation 
using water gas and steam as the reaction materials. In the presence 
of suitable catalytic agents, at regulated temperatures, carbon mon- 
oxide and steam react to yield carbon dioxide and hydrogen. Utilising 
water gas, therefore, a gas rich in hydrogen wonld result, the problem 
of further purification involving the removal of the carbon dioxide 
formed and of the unconverted carbon monoxide. 

The reaction occurring, which may he formulated by means of tbe 
equation 

CO + HaOZ^^COa-FHg, 

is in reality an equilibrium process, the direction of the reaction being 
governed by the temperatures maintained and the concentrations of 
the respective components. The equilibria obtaining at various tem- 
peratures may, in the absence of experimental data over the whole 
range of temperatures required, be calculated from the experimental 
work of Hahn^ at higher temperatures. In this way the following 
approximate values for the equilibrium constant 

at the various temperatures are obtained : 

T. 400= 500° 600° 700° 800° 

K, 0*05 0*1 0*3 0*6 0*9 

From these figures it is obvious that high temperatures favour the 
production of carbon monoxide in agreement with experience in water- 
gas manufacture. Lower temperatures favour the production of 
carbon dioxide and hydrogen. The lower the temperature at which 
the water-gas reaction occurs, the greater will he the conversion of 
carbon monoxide to dioxide with the corresponding increase in yield 
^ See Haber, Thennodymmica of Technical Gas ReaaHons, 
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and purity of hydrogen. On the other hand, decrease of temperature 
slows down the reaction velocity, so that, in practice, a low limit to 
the temperature will be set below which attainment of egfuilibrium 
conditions requires the presence of catalytic agents. It is obvious from 
these facts that, for the successful production of hydrogen from water 
gas, catalytic agents are required which will rapidly promote the 
reaction at as low a temperature as possible. 

A considerable patent Literature relative to this process already 
esists. The basic patent for the production of hydrogen from gases 
containing the same in admixture with carbon monoxide and hydro- 
carbons was granted to Mond and Danger.^ According to this inven- 
tion, the gases were to be passed with excess of steam over heated 
catalysts, for example, nickel at temperatures of 350°-400°, cobalt at 
400*^-4:50°. The hydrocarbons were said to be decomposed, while the 
carbon monoxide was converted to the dioxide, which was thereupon 
removed. It was subsequently claimed that the gas produced was 
almost free from carbon monoxide. Elworthy suggested the employ- 
ment of nickel or iron in a similar manner with a mixture of water gas 
and steam. A patent of Pullman and Elworthy ^ proposes to separate 
the carbon dioxide and hydrogen by processes of diffusion and of 
fractional solution. In 1907 Vignon applied for a patent ^ for a process 
as above, using iron or oxides or platinum at red heat. The patent 
was not granted. Ellis and Eldred ^ employed nickel, iron, or man- 
ganese for catalytic agents of the water-gas-steam reaction, using a 
specially designed superheated reaction chamber. Naher and Muller ^ 
suggest the use of a contact mass of rhodium or palladium asbestos at 
a working temperature of 800°. They claim a product with less than 
0-4 per cent of carbon monoxide. It is obvious that at a temperature 
of 800° such a low content of carbon monoxide can only be obtained 
by the use of large excesses of steam, which would render the process 
economically impossible. More recently a considerable number of 
patents have been obtained by the Badische Anilin- und Soda-Fabrik 
relative to the process, which has been established by them on a 
commercial basis. B.P. 26770/1912 calls for the carrying out of the 
process under pressures of 4-40 atmospheres at temperatures between 
the hmits of 300° and 600°, using nickel and cobalt as catalysts. The 
increase in pressure improves both the reaction velocity and the heat 
regeneration. So conducted it was claimed to be specially useful for 
gases with small carbon monoxide content. Later, in 1912,® an im- 
provement was patented for the maintenance of the requisite tempera- 
ture in the catalytic mass by the addition of air or oxygen, which, 
combining with some* of the hydrogen, generated sufficient heat to 
enable the process to be maintained continuously, especially if only 
small amounts of 'carbon monoxide were present. A patent of 1913 ’ 

1 B.P. 12608/1888. ^ B.P. 22340/1891. » B.P. 20685/1907, 

^ U.S.P. 854157/1907. 5 ^.P. 20486/1911. « B.P. 27117. ^ B.P. 27955. 
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by the same company deals with suitable catalysts, the basis of which 
was oxide of iron with suitable binding agents. B.P. 8864/1913 is 
concerned with catalysts containing nickel, cobalt, and similar sub- 
vStances, which apparently tend towards the simultaneous production 
of methane, since B.P. 27963/1913 deals with catalysts which do not 
produce methane by side reaction. The materials here cited as 
catalysts are numerous and involve as basic substance principally iron 
oxide in admixture with one or more substances acting as promoters 
of the activity of the iron oxide. Chromium, nickel, aluminium, 
thorium, zinc, lead, uranium, and other oxides are cited in this con- 
nection. A later patent^ returns to the claims of B.P. 27955/1913, 
amplifying them by claiming, for use as catalysts, oxide, hydroxide, 
and carbonaceous iron ores employed either in bulk or brought into 
suitable form by powdering and admixture with binding agents. The 
minerals employed should preferably be free from sulphur, chlorine, 
phosphorus, and silicon, though small amounts of these are said to be 
permissible. It is insisted, with regard to the production of all these 
catalysts, that high temperatures should be avoided in the course of 
preparation, and a limit is set at preferably below 650°. It is obvious 
that such limitations exclude from use the oxide of iron obtained by 
the roasting of pyrites ores. The utihsation of this material for 
catalytic preparations is the subject of a patent by Buchanan and 
Maxted,^ who claim the use of the oxide of iron obtained from sodium 
ferrite as catalyst. The material is prepared by fusion of burnt pyrites 
with sodium carbonate at elevated temperatures, followed by lixivia- 
tion of the mass thus obtained. The mass of iron oxide so prepared, 
and containing some undecomposed ferrite, is claimed to give good 
conversion at moderate temperatures. A succeeding patent of 
Buchanan and Maxted ^ claims the use of metallic couples as improved 
catalysts. Thus, by reduction of the iron oxide obtained in the manner 
cited in the previous patent and by immersion of the iron thus produced 
in a solution of copper salts, a metallic iron-copper couple is obtained 
with which improved conversion at increased velocities is claimed. 

The actual material used, in technical operation, will depend not 
only on catalytic activity but also on factors such as robustness of 
catalytic material and durability towards impurities in the raw 
materials used, for manufacture. Oxides of iron, either from minerals, 
such as spathic ore, or prepared from iron compounds, are the main 
coimtituents of technical catalysts. Promoters, such as chromium and 
cerium oxides, improve the oxides of iron markedly. The technical 
details of the process need not be given here, since they have been 
fuUy treated in a number of pubhcations.^ 

Assuming a working temperature of 500° and a catalytic agent 

I B.P. 16494/1914. 2 ^ p 6476 / 1914 ^ 3 p p 6477/1914. 

example, Taylor, Industrial Hydrogen, chap. iii. (Chemical Catalog Go,, New York, 



VIII 


HYDE-OGEN AND HYDEOGENATION 


231 


capable of producing equilibrium at rapid gas velocities, it is interesting 
to note tbe products to be obtained from a commercial blue water 
gas containing, say, 40 per cent of carbon monoxide. At 500° 

X j^CQ 

is approximately equal to 0*1, so tbat witb equal concentrations of 
steam and hydrogen in tbe exit gases it is obvious tbat pco/^5GOa = 0*1 ; 
tbat is, there would be approximately 4 per cent of carbon monoxide 
in tbe residual products when tbe steam was eliminated. In practice 
it is customary to reduce this percentage by employing excess of steam, 
tbe amount of reduction being governed by tbe amount of steam used. 
Apparently tbe best economic balance is secured by employing suffi- 
cient steam to reduce tbe carbon monoxide content of tbe residual gas 
to 2 per cent. This involves, according to tbe equibbrium data, a 
steam : hydrogen ratio in tbe exit gases of 2 : 1 or an initial ratio of 
water gas to steam of 1 vol. water gas to 2J vols. of steam, according 
to tbe equation 

Hg -h CO + 5H2O 2H2 + CO2 + 4H2O. 

Water gas. 

Using these approximate quantities, a typical analysis of tbe resulting 
gas will be somewhat of the order Hg — 65 per cent, 003 = 30 per cent, 
00 = 2 per cent, Ng, etc., 3 per cent. 

Tbe thermal balance of tbe process may now be considered. Tbe 
reaction occurring, 

CO + HgO — ^OOg + Hg, 

is exothermic, 10,000 cals, being Hberated per molecule of carbon 
monoxide converted. Witb good beat exchangers capable of yielding 
a 75 per cent beat regeneration, tbe evolution of beat is sufficient to 
cover all conduction and radiation losses. Only at starting is preheating 
requisite, for which purpose water gas may be burnt. Subsequently 
tbe mixed water gas and steam pass through beat exchangers, in which 
they are brought to tbe reaction temperature of about 500° by means 
of tbe beat of the exit gases passing in tbe reverse direction and leaving 
tbe beat exchangers at a temperature of approximately 100°. Witb 
such a procedure tbe process is continuous, a factor of considerable 
advantage as compared witb other processes of hydrogen production. 

Tbe economy of tbe process may be illustrated from another 
point of view. Consideration of tbe reaction equation will show tbat, 
theoretically, for tbe production of 1 volume of hydrogen, 1 volume 
of water gas is required. In practice it is claimed tbat 1*1 volumes of 
water gas are sufficient. This is in marked contrast to tbe conditions 
obtaining in tbe steam-iron process, in which from 2 to 4 volumes of 
water gas are required, according to practical experience, for tbe pro- 
duction of 1 volume of hydrogen. As regards tbe economy of steam 
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in the process, it must also be observed that although an excess of 
steam is required in this process to decrease the final carbon monoxide 
content, the steam consumption is much less than in the intermittent 
steam-iron process, in which, as at present employed, as much as three 
or four times the theoretical amount of steam required is employed for 
the production of unit volume of hydrogen. 

A further advantage of the process exists in that crude water gas 
may be employed, no special purification other than the removal of 
mechanical impurities, such as flue dust, being required. This economy 
is realisable owing to the fact that all the organic sulphur compounds 
present in the gas are converted catalytically into sulphuretted hydrogen. 
This process of sulphur conversion is interesting in other connections 
and is dealt with in more detail elsewhere in this book. The sul- 
phuretted hydrogen formed in this manner, together with that originally 
present in the gas, can readily be removed from the resulting gas mixture 
along with the carbon dioxide. Obviously, therefore, the hydrogen 
obtained, being sulphur-free, is especially suitable for certain catalytic 
operations, as, for example, ammonia synthesis. 

The disadvantages associated with the catalytic process may be 
enumerated. In the first place, there is the removal of the carbon 
dioxide, which forms upwards of 30 per cent of the exit gases from the 
condensers. Actually this is carried out in practice by a system of 
counter-current water-washing under pressures of about 30 atmospheres. 
The system is well tried and yields hydrogen with a carbon dioxide 
content of less than 1 per cent, which residue rnay be subsequently 
removed by lime or alkalis. If the hydrogen has afterwards to be used 
in the compressed state, the compression costs are neghgible. Large 
quantities of water must necessarily be conveniently to hand, however, 
for the operation of the process. Part of the energy necessary for 
pumping the water is recoverable by making the issuing water work an 
motor. By means of a Pelton wheel arrangement 30 to 50 
per cent of the energy may he recovered. Simultaneously with the 
carbon dioxide, sulphuretted hydrogen is also removed. A certain loss 
of hydrogen occurs during the process of water-washing, presumably of 
the order of 10 per cent. 

The removal of the unconverted carbon monoxide forms a second 
obstacle to the utilisation of the catalytic process. Numerous methods 
have been suggested for efltecting this. Certain processes involve 
methods of absorption, for example, by ammoniacal cuprous salts under 
pressure. ^ The conversion of carbon monoxide to sodium formate by 
hot caustic-soda solutions under pressure has also been utilised for 
removal. The gases when freed from carbon dioxide and sulphur 
compounds are also sufficiently pure to enable one to remove the 
carbon monoxide by conversion at the expense of hydrogen to methane, 
using a nickel catalyst. The Badische patent ^ previously cited reduces 

^ B.P. 26770/1912. 



VIII 


HYDROGEN AND HYDROGENATION 


233 


the monoxide content of the gas by repetition of the main catalytic 
process under pressures of 4-40 atmospheres. Preferential combustion 
of the carbon monoxide in the hydrogen has been proposed by Harger 
and Terry ^ and applied to the particular product from the water-gas 
catalytic process by Rideal and Taylor - with a high-temperature 
(200° C.) catalyst of iron-chromium-cerium oxides, and by Lamb, 
Scahone, and Edgar ^ with a catalyst consisting of copper and manganese 
oxides at temperatures below 100° 0. It is obvious that the particular 
process adopted may be governed by various factors operating to deter- 
mine the choice,^ 

For certain purposes a further disadvantage of the catalytic process 
lies in the presence in the final hydrogen of the inert gases, e.g. nitrogen, 
methane, etc., present in the original water gas. For ammonia synthesis 
the presence of nitrogen is no disadvantage. In other catalytic opera- 
tions it may act as a diluent, and in circulating systems tends — as does 
methane also — to accumulate in the gaseous system and so finally 
bring about a stoppage in the process for the rejection of the diluted 
hydrogen, or a constant loss of spent gas by continuous removal from 
the circulatory system. 

In spite of these disadvantages it would seem that the continuous 
catalytic process is the cheapest and most promising of the processes 
for large-scale hydrogen production. It is a process also which still 
ofiers considerable possibilities for development and improvement, 
mainly in the treatment of the gases obtained from the contact mass. 
The efficiency of the process up to this stage may be regarded as already 
very high. 

The problem of removal of the large quantities of carbon dioxide 
obtained by catalytic conversion of water gas and steam is the object 
of another series of patented processes employed upon a technical scale 
by the Griesheim Elektron Co.^ The catalytic material is Hme suitably 
activated by admixture of substances like oxide of iron. Operating at 
temperatures of 400°-500°, conversion to carbon dioxide and hydrogen 
of the water gas and steam is readily attained. The lime at these 
temperatures absorl^ the carbon dioxide, yielding carbonate, since 
only above 600° does the dissociation pressure of calcium carbonate 
become marked.® Absorption of the carbon dioxide disturbs the 
equilibrium which otherwise would prevail, and so the carbon monoxide 
is thereby more completely removed. Also, the resulting gas does not 
contain the large quantities of carbon dioxide obtained in the process 
previously considered. On the other hand, it is obvious that owing to 
the conversion of the- lime into carbonate the process is necessarily 

i B.P, 127:09/1917. 2 Analyst, 1919, 44, 89. 

® J. Amer. Ghem. Soc., 1922, 44, 738. 

^ For a complete treatment of tlio industrial problems in. the manufacture of hydrogen by 
the various xjroceases, see Taylor, Truliistrial Hydrog&n, A.(.-.S. Monograph (Chemical Catalog 
Co., New York, 1921). 

5 B.P. 2523/1909. 


® Johnston, J. Amer. Ghem. Soc., 1912, 32, 946. 
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discontinuous, the lime requiring regeneration by beating to more 
elevated temperatures. The employment or rejection, therefore, of 
such a process as an alternative to the catalytic process previously 
considered hinges on the economy of the regeneration of the lime 
catalyst as against the process of water-washing under pressure. It 
will be obvious that for a large-scale hydrogen plant the lime required 
will be enormous, of the order of 100 lbs. of lime for 1000 cubic feet of 
water gas containing 45 per cent of carbon monoxide, assuming that 
as much as half the lime may be converted to carbonate without im- 
pairing its ability to remove the carbon dioxide from the gases pro- 
duced. It is doubtful whether the expense of regeneration of such 
quantities of lime would compete in a large technical unit with the 
continuous system of removal of carbon dioxide by counter-cnrrent 
water-washing. Disintegration of the lime during the process also 
forms a further disadvantage in practical operation. 

The original patents for the lime process were due to Tessie clu 
Motay (1880). The improvement of the Griesheim Elektron Co., which 
consisted in the addition of 5 per cent of iron powder to act as an 
accelerator, was studied theoretically by Engels,^ who found that 
equihbrium conditions could be obtained at markedly increased velocities 
of passage of the steam-water-gas mixture when such activators were 
present. It is obvious that the addition of the iron tends to promote 
the water-gas reaction as in the continuous catalytic process detailed 
above, and, therefore, also promotes the attainment of equilibrium with 
the lime. Doubtless, too, it would be found that the active catalysts 
(iron oxide with promoters) of the continuous process would also 
accelerate considerably the lime process. Further, a method of pro- 
cedure should he possible in which the steam-water-gas mixture passed 
first at 400 "-500° over an efficient catalyst for the water-gas reaction, 
then over lime in a second chamber maintained at the same tempera- 
ture to remove the carbon dioxide, and finally over a further mass of 
the original catalytic material in which the residual carbon monoxide 
should be further converted by steam to carbon dioxide, leaving only 
minimal quantities of carbon monoxide in the hydrogen obtained. 

According to Mertz and Weith ^ carbon monoxide and steam react 
when passed over soda-lime at temperatures of 300° and upwards. 
This method of manufacture of hydrogen has been suggested for 
technical operation by the Societe generale des Nitmres of Paris ^ and 
the Chemische Fabrik Griesheim Elektron.^ R. E. Wilson, Hasslacher, 
and Masterson ^ have studied the reaction in somewhat greater detail 
and conclude that soda-limes with high caustic-soda content are better 
than those with low, or than lime alone. The former give substantially 
complete removal of 2 per cent carbon monoxide in hydrogen mixtures 

^ Dissertation, Karlsmlie, 1911 ; Chem. Abs., 1920, 14, 599. 

^ Ber., 1880, 13, 719. 3 n.R.P. 248290. 

* B.P, 13049/1912. 5 j Oheni,, 1923, 15, 698. 
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at around 400° C. vSmall amounts of water vapour are helpful, thougli 
not essential, to the efficiency. These authors claim that the funda- 
mental reaction for the removal of the gas at the higher temperatures is 

CO -h 2NaOH = Na^COa + Hg. 

An alternative series of processes for the production of hydrogen- 
carbon dioxide mixtures from steam and coke are embodied in the 
patent claims of Dieffenbach and Moldenhauer. Instead of employing 
catalytic agents to bring about the water-gas reaction, these claimants 
propose to facilitate, by addition of catalysts, the reaction between 
coke and steam, so that it may be carried out at such low temperatures 
that the products of interaction are principally carbon dioxide and 
hydrogen. In B.P. 7719/1910 the addition of an alkaline hydroxide 
or salt, and especially a silicate, is suggested to enable the reaction 
between coke and steam to be effected within the temperature interval 
550^-750°. In B.P. 7720/1910 the use of alkalis and alkali salts is 
suggested. The use of both alkali and lime, it is stated,^ still further 
decreases the temperature at which steam and coke will react with 
rapidity. Neville and Taylor ^ have made a. theoretical study of these 
patents and find that the alkali carbonates alone operate as really 
efficient catalysts. They showed that the catalysis involved an accel- 
eration of the reaction between catbon dioxide and carbon rather than 
the efiect of the catalyst onAhe water-gas reaction, 

CO + HgO-COg + Hg. 

It was shown that the absorptive capacity for carbon dioxide of a 
charcoal containing such catalysts was markedly greater than that of 
the same charcoal in the absence of such agents. 

The steam-iron process of hydrogen manufacture. — As outlined in 
the introductory paragraphs of this chapter, the production of hydrogen 
by the action of steam on heated iron is already largely carried out in 
the industry. The main reaction which occurs may be represented by 
the equation 

3Ee + 4H20=Fe304-f-4Hg. 

By reduction, usually with water gas, of the oxide of iron thus obtained 
the iron may be regenerated and the cycle of operations repeated. 

The original patents for the process are very old ; thus, for example, 
in B.P. 593/1861 Joseph Jacob claims the commercial production of 
hydrogen by the action of steam on iron filings or borings, or on iron 
crushed, ground, or pulverised. The heat of the fetorts was to be 
maintained by combustion of a portion of the hydrogen produced ; 
the iron after oxidation was to be discharged from the retort. 

The alternate reduction and steaming process was patented by 
Lewes. ^ HiUs and Lane ^ and Hihs and Monteux ® utilise this principle 

1 B.P. 87S4/i910. 2 J, Amer. Chem. Soc., 1921, 43, 2055. 

3 B.P. 20752/1890 and B.P. 4134/1891. ^ RP, 10356/1903. ^ p 386991/1908. 
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in specially designed apparatus for commercial production. TLe earlier 
types of plant have been considerably modified in detail as a result' 
of accumulated experience, but the principle of operation remains sub- 
stantially the same. Further economies of operation are claimed in 
the numerous patented details of Messerschmidt.^ 

According to the patent specification of Lewes, iron borings may be 
employed for the reaction. Since the two phases of the process are, 
however,^ mainly surface actions, or at most penetrate but little into 
the interior of the material, recent practice has resolved itself into the 
substitution, for metallic iron, of iron in a porous or spongy condition 
which will offer a maximum of surface for a minimum of volume. The 
iron is therefore generally obtained by reduction of a mineral oxide or 
from^ carbonate ores such as spathic iron ore by reduction of the mass 
obtained after ignition and loss of carbon dioxide. In this way 
material possessing both porosity and resistance to disintegration is 
readily obtained. Roasted pyntes from which aff sulphur and the 
volatile metals have been removed has also been proposed as the 
reaction material.^ ^ All such materials show a greater or less tendency 
to lose their activity with repeated oxidation and reduction, and 
research into the causes thereof conducted on the large technical scale 
has shown it to be in part due to fritting of the surface. Part of the 
loss xn activity is due to deposition of foreign bodies such as carbon, 
sulphur, etc., in the mass, bnt these may be removed by periodical 
eating in a current of air. The fritting, however, is permanent, and 
suggestions have been put forward to counteract 
this^ difficulty. They consist chiefly in the admixture with the iron of 
b(^es which may either render the iron less fusible and less liable to 
soften with the temperatures employed, or which may catalytically 
assist the mtoaction of steam with iron so that good yields of gas 
may be obtamed at lower temperatures than would normaUy prevail 
Thus Messerschmidt proposes ^ the use of natural ores of manganese 

^ reaction temperatures. 

Hieffenbach and Moldenhauer^ claim the use of alloys of iron with 
manganese, ehromum, tungsten, titanium, aluminium, or other similar 
elements as weH as mixtures of the oxides briquetted or in other 
suiteble form. The Badische AniHn- und Soda-FabrikS propose iron, 
oa e L^d with refractory oxides such as zirconia and magnesia or 
vnth sihcatos. Jaubert suggests the use of briquettes of iron oxide 
atoed with fire-clay, pumice, magnesia, and small amounts of the 
oxicies of manganese, chromium, copper, and lead. 

The gas obtomed by the steam-iron process contains, after removal 
of smaH (luaatitiee of carbon dioxide and hydrogen sulphide by means ' 
of hme pnnfiers, upwards of 98 per cent of hydrogen. With careful 

= F.P. 440780/1912. • F.p. 418312/1909. 233347/1910. 
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control a content of hydrogen as high, as 99*75 can he continuously 
maintained without considerable increase in cost of production. Higher 
purity still, averaging 99*85-99*95 per cent of hydrogen, can be main- 
tained by extraordinary precautions as to scavenging and by use of an 
elevated temperature coupled with frequent aeration of the contact 
mass. Naturally this increases considerably the cost of the gas owing 
to loss of yield, decreased activity of the iron due to fritting, and wear 
and tear of retorts at the high temperatures. 

The main impurity of the gas is carbon monoxide resulting from 
interaction of the steam and carbon deposited in the iron during the 
reducing phase. This carbon results from the catalytic decomposition 
of the carbon monoxide^ in the presence of iron, according to the 
equation 

2co::;±c+co2. 

In the steaming phase this carbon reacts with the steam to form 
carbon monoxide and dioxide, the concentration of steam present 
determining to a considerable degree the relative quantities of each in 
the issuing gas. As stated, the carbon dioxide is removed by means 
of lime purifiers or caustic-soda liquor, the carbon monoxide passing 
on with the hydrogen. Since the carbon in the iron mass is only 
incompletely decomposed by the steam, it gradually accumulates in 
the material and must therefore be occasionally removed by means of 
a hot air current. 

The Bergius hydrogen process. — The patents of Bergius ^ relative to 
the manufacture of hydrogen by the action of hquid water, at elevated 
temperatures and therefore at high pressures, upon carbon or iron 
disclose certain interesting details as to the use of catalytic accelerators. 

Bergius found that, at a temperature of 300° and at a pressure 
sufficient to keep the water liquid, carbon reacted almost exclusively 
with water to form a mixture of carbon dioxide and hydrogen, according 
to the equation 

C + 2 H 2 O — >-C02 + 2H2. 

The addition to the water of small quantities of thallium salts was 
found to promote the reaction catalyticahy. 

Employing iron, the corresponding reaction with hquid water also 
took place at the low temperature of 300°. Only in the initial stages 
of the reaction was heat required, the exothermicity of the reaction 
being sufficient to maintain the gas evolution. Pressures of 100 
atmospheres or more were generated in the system and were reduced 
to the desired extent by occasionally blowing off the gas through a 
valve into cyhnders in which the hydrogen could be stored already 
compressed. Catalytic acceleration of the reaction was secured by 

^ For equilibria, see Boudouard, Compt. rend,, 1900, 130, 132 ; Rhead and Wbeeler, J. Chem, 
Soc., 1912, 101, 831. 

2 D.R.P. 259030/1911, 254593/1911, and 262831/1912. 
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dissolving in the water neutral salts, as, for example, sodium chloride 
or acids, or by use of metallic couples such as iron-copper, or by the 
])res€mce of a second metal such as nickel or platinum. 

The Bergius iron-water process should be cheap and useful for 
small-scale hydrogen production under pressure where an expensive 
equipment is not j)ossible. Regeneration of the finely divided iron 
metal employed can be effected by means of water gas, producer gas, 
or carbon at high temperatures. 

Hydrogen production by catalytic decomposition of hydrocarbons. — 

111 general, the saturated hydrocarbons, when subjected to a sufficiently 
high temperature, decompose into their elements, the carbon being 
deposited in an extremely fine state of division, hydrogen being simul- 
taneously produced.^ The temperature required for decomposition 
varies with the stability of the compound. Thus, methane dissociates 
rapidly only at 1200^ to 1300°, its presence in a water-gas mixture 
being e^fidence that at the slightly lower temperature of water-gas 
manufacture the velocity of decomposition is comparatively low. On 
the other hand, acetylene decomposes at much lower temperatures, 
Pictet^ effecting decomposition by passage through tubes heated 
initially to 500°. Since heat is evolved upon the decomposition of 
acetylene, the reaction continues automatically when once started. 
This process is generally applicable to endothermic hydrocarbons. 

Numerous patented processes exist for the production of hydrogen 
by this method, the variations being, in the main, modifications for 
the better operation in technical practice. Thus the Carbonium Co., 
of Friedrichshaven, have decomposed acetvlene under pressure by 
explosion with an electric spark. The hydrogen obtained is of high 
purity and has been employed for the filhng of Zeppelins. The cost 
is, however, somewhat considerable, unless the lamp-black can be 
marketed- The pressures employed may he as much as 6 atmospheres.^ 
The decomposition of the light petroleum hydrocarbons is the 
subject of patents by Lessing ^ and by Pictet,^ in which temperatures 
from 1000°-1350° are suggested. It is obvious that technical operation 
at such high heats is a matter of considerable difficulty, and it is not 
surprising that extended application has not yet been recorded. Recent 
work on the cracking of heavier hydrocarbon vapours will doubtless 
contribute greatly to the development of technique in this direction. 

To bring about the decomposition of hydrocarbons at lower tem- 
peratures interaction with steam has been employed both with and 
without catalytic contact material. Pictet® produces thus carbon 
monoxide and hydrogen from hydrocarbon vapours and steam at 
high temperatures. The Badische Anilin- und Soda-Fabrik ’ suggest a 

^ Maver and Altniaver, Ber.^ 1907, 40, :2134. 

^ F.P. 421839/1910.” 

^ B,P. 15071/1909. 

® B.P. 14703/1911. 


® Maehtolf, D.R.P. 194301/1909. 
“ B.P. 13397/1911. 

’ B.P. 12978/1913. 
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refractory oxide such as magnesia impregnated with nickel oxide as 
catalyst for this process, at a temperature of 800°. Dieffenbach and 
Moldenhauer ^ use as catalyst wire gauze of nickel, cobalt, platinum, 
itc., for the same reaction, ensuring by the employment of the catalyst 
n such form a very short time of contact and thereby a sudden cooling 
)f the reaction products. In this way, it is claimed, the carbon dioxide 
‘ormed has little opportunity to be reduced to carbon monoxide. An 
mportant study of the many reactions involving the methane equi- 
ibrium, for example, 

CH4 + 2H20 = C02 + 4Ho, 

CH4+ HgO^CO +3H; 

las * recently been completed.^ This should prove useful in the 
heoretical study of this important technical problem. 

Coke rendered white hot by an air blast has been proposed by the 
Berlin Anhaltische Maschinenbau' A.G.^ and by Ellis ^ as contact 
naterial for the production of hydrogen from paraffin hydrocarbons. 

It should be possible with the aid of catalytic contact material to 
)ring about the interaction of hydrocarbons with carbon dioxide to 
deld carbon monoxide and hydrogen,' whence pure hydrogen could be 
)btained by processes described above. With unsaturated hydro- 
sarbons this is apparently not difficult. A solution of the problem 
vith the lower paraffins should yield to a systematic search for suitable 
latalytic material. 


Hydrogenation 

The systematic investigation of the problem of hydrogenation was 
Ludertaken at the close of the nineteenth century by Sabatier and his 
o-workers, of whom Senderens may principally be mentioned. Isolated 
ibservations had earlier been made and recorded concerning interaction 
I substances with hydrogen in the presence of a catalytic material. 
Generally, finely divided platinum was the agent employed. Its 
activity in promoting oxidation, as manifested in the early work of 
)avy and Dobereiner, had led to its trial in many other directions, 
ometimes with success. Thus, the catalytic reduction to ammonia of 
ixides of nitrogen by means of hydrogen in the presence of platinum 
ponge was recorded by Kuhlmann in 1838.^ Carenwinder ® showed its 
atalytic efiect in promoting the combination of hydrogen and iodine. 
Applied to organic reactions, it was observed by Debus that platinum 
)lack assisted the reduction of hydrocyanic acid to methylamine, and 
hat ethyl nitrite could be transformed by means of hydrogen into 
thyl alcohol and ammonia. The catalytic addition of hydrogen to 

1 D.B.P. 229406/1909. 

^ Neumann and Jacob, Zeiisch. ElektrochenUf 1924, 30, 5o7. ® B.P. 2054/1914. 

4 TJ.S.P, 1092903/1914. ^ Compt. rend., 18.38, 17, 1107. 

^ Ann. Chim. Phys., 1852 (iii.), 34, 77. Annalen, 1863, 128, 200. 
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unsaturated hydrocarbons and their transformation to saturated hydro- 
carbons was demonstrated by Be Wilde in 1874,^ platinum black being 
employed as agent. 

By the researches of Sabatier and his assistants the catalytic method 
of hydrogenation has been generalised. From 1897 onwards, in a 
succession of researches published in the Gomptes rendus of the Paris 
Academy of Sciences, by systematic application of the principle to the 
most diverse organic materials and employing various metals as catalytic 
agents, the wide applicability of hydrogenation has been made clear. 
The reactions have been studied generally in the vapour phase, volatile 
organic liquids being for the most part the materials employed in the 
investigation. Finely divided metals have formed the catalytic agents, 
and, of these, nickel, obtained freshly from the oxide by reduction, has 
proved to be the most efficient. The other elements which have found 
application are cobalt, iron, copper, platinum, and the platinum metals 
generally. 

The simplicity of the studies carried out by Sabatier and bis 
collaborators is striking. The procedure consisted essentially in passing 
hydrogen, admixed with vapours of the material to be investigated, 
through a tube containing the finely divided catal 3 rbic agent maintained 
at a controllable temperature, the products of reaction being suitably 
collected on emergence from the heated tube. 

It was found to be essential that the hydrogen employed should be 
completely free from aU impurities. Traces of sulphuretted hydrogen, 
of phospffine, amine, and hydrogen chloride were found to act as 
catalyst poisons. Hydrogen, obtained by electrolysis and subsequently 
freed from traces of oxygen and moisture, was therefore largely em- 
ployed, since by this process the other impurities could readily be 
avoided. 

The preparation of hydrogenation catalysts. — ^Apart from the purity 
of the materials employed in hydrogenation processes, the most im- 
portant factor in the conduct of such reactions is the preparation of the 
catalytic agent in a form suitable for use and of sufficient activity for 
the purposes required. Certain details relative to the preparation and 
properties of such agents axe therefore apposite. 

Mckel. — Catalytic nickel is the most important member of the 
^oup of hydrogenation catalysts. It is normally prepared by reduc- 
tion of nickel oxide by hydrogen, an operation which can frequently 
be carried out in the reaction system. The oxide employed should be 
free, as far as possible, from the halogens and sulphur-containing com- 
pounds, since all these are catalyst poisons. Hence, where expense is 
not involved, the nitrate or an organic salt of nickel forms a suitable 
starting-point for the preparation of the oxide. The sulphate and 
chlonde are the cheapest salts of nickel. When these are used the 
oxide is prepared by ignition of the hydrous oxide obtained by pre- 

^ Ber., 1874 , 7 , 352 . 
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pitation from solutions of the salts, followed by a thorough washing. 
L some cases the carbonate is precipitated. The washing of such 
'ecipitates should be continued until tests indicate freedom from the 
lion of the nickel salt and the cation of the precipitating agent. In 
e preparation of nickel supported on a finely divided support material 
e precipitation may be carried out in presence of the support, e.g, 
eselguhr, and the support-precipitate mixture washed together. In 
is way good distribution of the support may be obtained. 

For nickel catalyst on coarser support material, such as pumice, 
atomite brick, and the like, the most convenient procedure is to 
ipregnate the support with a hot, strong solution of the nitrate. A 
eliminary experiment will indicate how much liquid a given sample 
support material can take up to saturation, and this ratio of support 
liquid should be used. A concentration of 10 per cent nickel in the 
lal product makes a good supported catalyst, and this figure deter- 
ines, therefore, the concentration of nitrate liquor employed. To 
sure thorough impregnation of the support, it is a useful practice 
heat the support above 100® C. and immerse it while still hot in the 
ckel nitrate solution. 

The calcination of the nitrate, organic salt, or impregnated support 
yield oxide may be conducted in a casserole over a flame which will 
it permit too intense calcination. The actual temperature of con- 
srsion to oxide is not a matter of great moment, the subsequent 
Auction temperature being the decisive factor. Some data on the 
:ect of calcination temperature on the product have been recorded 
^ Brown and Henke.^ They suggest limiting the temperature of 
nition to 460®, as sintering is appreciable above this temperature. 

The presence of small amounts of promoters in nickel catalysts 
variably facilitates the preparation of an active material, and use of 
ese materials can be generally recommended both for supported and 
[supported catalysts. Geria, thoria, and alumina are strikingly good, 
sdsforth ^ has recorded tests of many materials as promoters. They 
Ip to produce a more porous oxide and a more active metal. Actual 
ncentrations of promoter cannot be laid down generally, but quantities 
rying between 0*5 and 15 per cent of the nickel metal are efficient, 
ley may be introduced as nitrates into the nickel solution. 

The temperature of reduction of the oxide is the decisive factor in 
e preparation of a rdckel catalyst. Quite generally it may be stated 
at the higher the reduction temperature, the less active will the 
suiting catalyst be. Supported catalysts are less sensitive to tem- 
rature than the unsupported material. For the latter a reduction 
nperature of 350® 0. should never be exceeded, and the lower the 
nperature of reduction the more active the product, although the 
iger is the time consumed in the reduction process. A temperature 

1 J. Physical Ghem., 1922, 26, 161, 272, 324, 631, 715 ; 1923, 27, 62. 

2 J. Ghem. Soc., 1923, 123, 1452. 
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of 300° C, probably represents a bappy mean between tbe conflicting 
factors for tbe production of a catalyst of bigb activity. Supported 
materials do not reduce so readily as unsupported catalysts, and a 
temperature of 350° C. can be used witb equanimity. Where extreme 
activity is not required, reduction of supported materials may be carried 
out as'^bigb as 450°''500° C. Promoted catalysts, both supported and 
unsupported, are very much less sensitive to overheating in the 
reduction process than are catalysts composed of nickel alone. When 
reducing at the higher temperature limits, it is good general policy in 
catalyst preparation to use a relatively slow stream of reducing gas. 

Nickel catalysts may be prepared by direct reduction of the cyanide ^ 
and the chloride ^ with hydrogen. This latter method is remarkable 
in view of Sabatier’s observation that the halogens act as poisons. It 
merits further test of this factor. Kelber showed that the same 
factors as regards reduction temperature and activity operated in the 
reduction of the cyanide as have already been laid down for oxide 
reduction. 

It should be borne in mind that a catalyst cannot in general be 
raised above the temperature of reduction without loss of activity. 
This is especially true of unsupported catalysts. It must be remem- 
bered, in the conduct of markedly exothermic reactions, that the heat 
of reaction raises the temperature of the catalyst in spots considerably 
above the temperature recorded on the measuring instrument used, 
and such localised hot-spots diminish catalytic activity. The prolonged 
effect of even moderate temperatures is also to transform the catalyst 
to a more compact mass with a resulting decrease in efficiency. 

Copper. — ^A copper catalyst is readily prepared in an active condition 
by reduction of the oxide at low temperatures. What has been said 
in the preceding paragraphs relative to precautions as to poisons, 
methods of oxide preparation and support materials, is applicable also 
in the case of copper. It must be particularly emphasised, however, 
that the production of an active material is especially dependent on 
the temperature of reduction of the oxide. By lowering the tempera- 
ture of reduction of a given sample of copper oxide from 200° C. to 150° C. 
a fivefold increase in the adsorptive capacity of the resultant copper for 
hydrogen was achieved and a corresponding increase in catalytic activity 
was secured ® — an activity far superior to those recorded by Sabatier 
for copper catalysts. A temperature of 150° 0. represents an imprac- 
ticably low temperature of reduction of ignited copper oxide, the time 
required for reduction being several days, but a reduction temperature 
of 200° C. can be employed with quite good results. Thus, Pease ^ 
found that such a catalyst could be used to measure the rate of hydro- 

1 Kelber, Ber., 1924, 57, 136, 142. 

- Kahlenberg and Ritter, Physical Chem., 1921, 25, 89. 

® Taylor, Colloid Symposium, Madison, Wisconsin, 1923. 

* J, Amer. Chem, Soc., 1923, 45,. 1196. 
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genation of ethylene at 0° Ct The sensitivity of the product to the 
reduction of temperature is probably to be ascribed to the exothermicity 
of the reaction. Slow rates of hydrogen gas passage are therefore to 
be recommended. It is a good plan to initiate reduction of copper 
oxide at a temjierature 50 degrees above the chosen reduction tempera- 
ture, and, after the process has started, to lower the temperature to 
that chosen. Considerable economy of time is thereby secured, as 
reduction occurs more rapidly at copper-copper oxide interfaces.^ 

Catalysts so prepared are useful only for reactions occurring below 
the reduction temperature. Brown and Henke ^ found that a copper 
catalyst prepared by ignition of the nitrate at 415° C. and reduction at 
314° C. was efficient in the reduction of nitrobenzene about 260° C., 
but deteriorated rapidly. They found, however, that a catalyst pre- 
pared from the nitrate by precipitation of the oxide with sodium 
hydroxide was more robust and less sensitive to temperature — a fact 
recorded earher by Sabatier. Apparently the product is a promoted 
catalyst owing its ruggedness to traces of adsorbed alkah remaining in 
the material. Some investigations of promoted copper catalysts should 
be made. Rideal and Hurst have shown ^ that copper-0*2 per cent 
palladium catalysts are superior to copper in the preferential com- 
bustion of carbon monoxide in hydrogen-oxygen mixtures. Brown and 
Henke state that small amounts of iron in the copper oxide are bene- 
ficial. Brown and Henke also studied supported copper catalysts, 
using pumice and asbestos. For short periods in the reduction of 
nitrobenzene, pumice was the better, and both were better than straight 
copper. For long runs the copper-asbestos was superior. 

Iron and cobalt. — Complete reduction of the oxides of these metals 
can only be readily accompHshed at much higher temperatures than are 
employed in the case of nickel and copper oxides. Consequently the 
catalysts show much greater tendency to sinter. It is therefore to be 
recommended that these catalysts be used on a support material or 
admixed with a promoter. Alkahs, ceria, thoria, and alumina have 
been used for promoted iron catalysts with good success. 

Calcination of cobalt nitrate can be conducted at 400°-450° C, 
Reduction of the oxide at 400° C. for four hours gives an active catalyst 
which still contains large quantities of oxide. Reduction at 600^-700° 
is necessary for complete reduction of the oxide. A supported cobalt 
oxide can be reduced with safety in the temperature region of 450°- 
500° C. The reduction of iron oxide at 400°-450° 0. is slow, but an 
active catalyst is obtained even when considerable amounts of oxide 
stiU remain in the contact mass. 

Platiniim. — ^Unsupported platinum catalysts may be obtained in 
the form of platinum sponge, platinum black, prepared by two different 
methods, and as colloidal platinum. Platinum sponge is prepared by 

^ Pease and Tajdor, J. Anier, Qlirni. 1921, 43, 2179. 

2 Loo. cU, ^ J, Ghein. Soc., 1923, 123, 696. 
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gentle ignition of ammonium chloroplatinate and is tlie least active of 
the three forms. 

A variety of methods of preparation of platinum black have been 
suggested. One method is essentially that of Loew ^ and of Mond, 
Eamsay, and Shields,^ which consists in the reduction of a dilute solution 
of chloroplatinic acid by a solution of sodium formate^ followed by a 
thorough washing of the precipitated platinum. A modification of 
this method employed by Willstatter and Waldschmidt Leitz ^ has 
been tested thoroughly and found to give excellent results. 

Adams and Yoorhees^ claim that a much more active platinum 
black than that prepared by Loew’s method is obtained by fusing 
chloroplatinic acid with an excess of sodium nitrate. When the 
cooled melt is washed with water, a brown oxide is obtained which 
turns black during the actual hydrogenation. Adams and Voorhees 
think that this is a black platinum oxide which loses much of its activity 
if complete reduction to platinum occurs, since the catalyst which has 
lost its activity may be re\ivified by shaking a short time with air. 
Adams and Carrothers ^ have found that in the hydrogenation of 
aldehydes the activity of catalysts so prepared is greatly increased by 
the presence of ferrous salts in the reaction system. An optimum 
concentration of 0*0001 mol. of ferrous salt per 100 c.c. of aldehyde 
reaction mixture was obtained. 

Colloidal sol catalysis. — Colloidal sols of the metals platinum and 
palladiumj dispersed in various solvents such as water, alcohols, 
acetic acid, or hydrocarbons, are now generally employed for the 
saturation of unsaturated organic substances in the organic chemical 
laboratories. The simple sols prepared by electric dispersion methods 
or from the double chlorides by reduction to metal, with hydrazine, 
hydroxylamine, or formaldehyde, are too sensitive to coagulation and 
precipitation by electrolytes to render them of any great utility, and, 
in consequence, protected sols are generally employed. Paal ® first 
employed as protective agents two degradation products of egg-albumin, 
protalbinic and lysalbinic acid.’^ Albumin is gently hydrolysed with 
caustic soda and the protalbinic acid precipitated by the addition of 
sulphuric acid to the^ point of neutrality. The filtrate is evaporated 
to a small bulk, acidified, and the lysalbinic acid precipitated is 
punfied by dialysis. In order to prepare an active platinum or pal- 
ladium^ catalyst a dilute solution of a salt of these metals is added to 
a solution of the sodium salt of the protalbinic or lysalbinic acid, the 
metal salt being precipitated from solution. The platinum protalbin- 
ate is dissolved in the smallest possible amount of caustic soda, the 
solution diluted with water and purified, as far as possible, from excess 

^ Ber., 1900, 23, 289. 2 Trans., 1895, 186a, ,657. 3 J921 54 

^ J, Ainer, Chem. Boc., 1922, 44, 1397. ’ 

J. Amer. Chem. Soc., 1923, 45, 1071. See also ibid., 1924, 46, 1675 ; 1925 47 1047 
® Ber., 1904, 37, 124 ; 1905, 38, 1398 ; 1908, 41, 2273 ; 1909, 42, 2239 
“ Hid., 1902, 35, 2195. 
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[kali by dialysis. On warming the solution with a few drops of 
ydrazine or formaldehyde a stable sol is readily obtained. 

SMta ^ suggested the protective colloid, gum arabic, as a sub- 
itute for the protalbinic and lysalbinic acids of Paal. Since the gold 
umbers or protective powers of these protective colloids are prac- 
cally identical,^ platinum and palladium protected by gum arabic 
[•e generally employed, being more readily prepared than PaaFs 
roducts. Other protective colloids which may be employed are 
datine and occasionally dextrine or starch. The two factors to be 
)nsidered in the preparation of such protected catalytic sols are 
ability and efficiency. The stability will be dependent on the degree 
: protection afiorded by the colloid, most readily determined by the 
)ld numbers. For example, for the above-mentioned protective 
)Uoids the gold numbers with gelatine as standard are 


CoUoid. 
Gelatine 
Albumin 
Dextrine 
Starch . 


Gold Numbers. 
. 100 
20 
0-66 
0-40 


be efficiency of the catalyst will evidently depend upon the dispersion 
id the extent of active surface. The addition of a protective colloid 
I a disperse platinum sol results in the diminution of the active surface 
id an increase in the stability. The inhibitive influence of protective 
illoids on catalytic processes was first demonstrated by Groh ^ and 
zamined in more detail by Rideal ^ and Iredale.^ Iredale confirmed 
.e data of Groh that protective colloids cut down the catalytic activity 
the sol, the inhibitive numbers of the various colloids being approxi- 
ately the same as the gold numbers, whilst Rideal showed that there 
usted an optimum concentration when gum arabic was employed as 
•otective colloid, the colloid being added before reduction of the 
etal salt, being 2 milligrms. of gum for every 10 milhgrms. of 
atinum or 5 milligrms. of palladium. Rocosolano ® obtained data 
L protecting a platinum sol prepared by Bredig’s method with 
,rious protection agents, which confirm Iredale’s observations. 

If but a small amount of protection agent be employed, mot all of 
e amicrons of the metal sol will be protected, and, on the addition of 
. electrolyte, these unprotected particles will coagulate with a resulting 
crease in catalytic activity. Increase in the protective colloid con- 
ntration will efiect a peptisation or redispersion of these. Evidently 
e optim um concentration of colloid is such that the sol is prepared 
as disperse form as possible, but protected to the smallest extent 
mpatible with stabihty in presence of the reactants. It may be noted 

1 Ber., 1911, 44 , 2862,- 1912, 45 , 1627. 

^ Gortner, J. Amer, Ghem, Soc., 1920, 42, 595. 

3 Zdtsch. physikal Ghem,, 1914, 88, 419. ^ J. Amer. Ghem. Soc., 1920, 42 , 749. 

5 J. Ghem, Soc., 1921, 49 , 109. ® Compt. rend., 1921, 173 , 41, 234. 
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that a concentration of one part of gelatine in a million of water may 
just be detected by this method of catalytic inhibition. If Bredig’s 
electric arc platinum be employed, the sol is relatively coarser than 
that i)repared by the reduction of a soluble platinum salt in solution, 
and consequently the dispersive or peptising influence of the protective 
colloid is not so marked. 

A protected colloidal sol formed by the dispersion of an intimate 
mixture of the metals from a solution of the mixed salts is more eflective 
both in respect to stability and efficiency than an equivalent sol of 
either of the pure metals. This is indicated by the following approxi- 
mate times for half completion of the hydrogenation of equal weights 
of sodium phenyl propiolate in solution : ^ 


Composition of Catolyst. 

Time of Half 
Completion. 
Minutes. 

Millignns. Pd. 

Milligrms. Pt. 

10 

0 

7-0 

5 

5 

5-0 

1 

9 

11-0 

0-2 

9-8 

7-0 

1 0-1 

9-9 

12-0 

i 0-01 

! 9-99 

30-0 

i 0 

10 

39-0 


Hydrogenation in the presence of metallic catalysts may con- 
veniently be classified, accorcbng to Sabatier/^ in three groups : 

(1) Reductions with simultaneous fixation of hydrogen. 

(2) Fixation of hydrogen by unsaturated compounds. 

(3) Hydrogenation with accompanying rupture of the molecule. 

A resume of the typical examples of these three groups, as cited by 
Sabatier, is given in the following, together with a fuller description 
of those reactions having a more technical significance. 

Reductions wuth Simultaneous Fixation of Hydrogen 

Oxides of nitrogen. ^Nitric oxide is readily reduced in presence of 
nickel at 180° with formation of ammonia and water, the equation 

2NO + 6H2 2NH3 + 2H2O. 

The ammonia formed has a tendency to combine with unchanged nitric 
oxide to form nitrogen and water : ® 

4NH3 + 6NO — 5N2 -F 6H2O. 

This reaction is of importance in the process, elsewhere discussed 

^ Rideal, Trans. Farad. Soc., 1923, 19, 1, 

^ La Catalyse enchimie organique, 1913. 

® Sabatier and Senderens, Compt. rend., 1902, 135, 278. 



VIII 


HYDROGEN AND HYDROGENATION 


247 


(p. 169), of ammonia oxidation, as its occurrence in that process may 
diminish considerably the efficiency of such catalytic oxidation. 

Nitrogen peroxide is reduced by hydrogen in presence of nickel at 
180°. The ammonia formed interacts with unreduced oxides, and 
ammonium nitrite and nitrate are produced. Eurther hydrogenation 
yields ammonia and water : 

2NO2 -f YHs — > 2NH3 + 4H2O. 

With high concentrations of nitrogen peroxide the reaction is very 
energetic, producing incandescence in the neighbourhood of the contact 
mass and frequently giving rise to explosions. 

Similarly with the vapours of nitric acid, at 200° ammonium nitrate 
is produced, whilst at 350° nitrogen, ammonia, and water are the 
[reaction products. 

Organic nitro-compounds. — The aliphatic nitro-compounds are 
readily hydrogenated with nickel to the corresponding amine, 

RNO2 + 3H2 — ^ RNH24-2H2O, 

Dut at more elevated temperatures the hydrogenation may proceed still 
:urther. Thus, nitromethane yields methylamine, but may partially 
yield methane and ammonia : ^ 

CH3NO2 + 4H2 — > CH4 + NH3 + 2H2O. 

Similarly, aromatic nitro-compounds yield the corresponding amines. 
5'urther hydrogenation at higher temperatures yields the aromatic 
lydrocarbons and ammonia, whilst more elevated temperatures of 
reaction may carry the hydrogenation of the aromatic hydrocarbon yet 
’urther, yielding methane. Thus, in successive stages, nitrobenzene 
viU yield aniline and water, then benzene, ammonia, and water, and 
vith complete hydrogenation methane, ammonia, and water. By con- 
irolling the temperature the two latter reactions may be practically 
luppressed, and good conversion of nitrobenzene to anihne obtained.^ 

Aniline. — The. vapour-phase reduction of nitrobenzene in presence 
)f contact agents has been exhaustively studied by Brown and Henke.^ 
Dhey j&nd that with nickel, and with cobalt containing small amounts 
>f nickel, the reduction proceeds beyond the aniline stage, benzene and 
ammonia, and even methane and ammonia, being produced. With 
larefuUy controlled conditions, however, 95 per cent yields of aniline 
;ould be obtained. No azoxybenzene or azobenzene is produced. With 
upper and silver there is no reaction beyond the aniline stage, nor 
3 azoxybenzene nor azobenzene produced. Copper shows a great 
endency to sinter, however, with use ; it should be prepared with an 
,dded promoter if its life is to be prolonged. Lead and bismuth seem 
0 be the best catalysts if it is desired to stop the reduction at the 

^ Gompt. rend., 1902, 135, 226. 2 Senderens, F.P. 312615/1901. 

3 J. Physical Ghem., 1922, 26, 161, 272, 324, 631, 715 ; 1923, 27, 52. 


248 


CATALYSIS m THEOEY AND PEAGTICE ch. 

azoxybenzene or azobenzene stages. Tbe yields of these partially 
reduced products progressively decrease as the catalyst is used. This 
appears to be due to oxidation of the catalyst metal, and the activity 
may be restored in part by reduction in hydrogen. Thallium gave a 
90 per cent yield of azobenzene at 260°, but the activity diminishes 
rapidly, probably owing to the metal melting. Antimony, manganese, 
and chromium were found to have some catalytic activity, and the 
same was true of the lower oxides of molybdenum, vanadium, uranium, 
cerium, and tungsten, the first two being the most efficient in this 
group. Alumina showed a little activity, but commercial tellurium 
and the oxides of calcium, barium, and silicon showed none. 

More recently ^ the same authors have shown that tin is an excellent 
catalyst for the reduction of nitrobenzene to anihne. It is superior to 
copper at most rates of gas passage. It is superior to nickel at all 
but the highest rates tried. The catalyst is best prepared from the 
hydroxide by precipitation with sodium carbonate from a stannous 
chloride solution. Oxidation of the hydroxide prior to reduction in- 
creased the efficiency of the resulting catalyst, the lower the tempera- 
ture of oxidation the better the resulting catalyst. The lower the 
temperature of reduction of the oxide the better -was the resulting 
catalyst. This catalyst is here mentioned in some detail because it is a 
new-comer in the ranks of reduction catalysts. It would be interesting 
to know whether it is a hydrogenation catalyst or whether its action 
depends on alternate oxidation and reduction of the catalyst. 

On the technical side there is some evidence that vapour -phase 
hydrogenation has received serious consideration. The patents to 
Legge and Adam ^ indicate that a copper catalyst is very efficient, 
conducts heat well, and can be regenerated. Copper oxide is fused, 
cooled, and broken to size. Hydrogen or water gas in excess is mixed 
with the nitrobenzene. Quantitative yields are obtained at 230° C. The 
Badische Anihn- und Soda-Eabrik suggest^ also a mixture of carbon 
monoxide, steam, and nitrobenzene with a copper catalyst. They 
claim also the use of promoters such as the oxides of the alkafi metals, 
phosphates, sihcates, tungstates. Brochet ^ has suggested the catalytic 
reduction of nitrobenzene in liquid media in presence of nickel. 

The huge quantities of aniline which to-day are employed in the 
organic chemical industry are produced by the reduction of nitro- 
benzene. Eor industrial purposes practically exclusive use is made of 
the method due to Bechamp,^ which consists in reduction of the nitro 
body using iron and acids. Acetic acid, the original acid employed by 
Bechamp, is replaced by the cheaper mineral acids. In the reaction, 
which is frequently formulated by the equation 

CsHsNOa + 3Fe + 6HC1 = CsH^NHa + 2 H 2 O -h SEeCl^, 

^ J. Physical Chem., 1923, 27, 736. 2 g 166249 and 166283 

8 F.P. 611256. ^ B.E 16936 and 22623/1913. ^ ^2, 186. 
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. is found that much smaller amoimts of acid than correspond to the 
loichiometric relationships are required. Indeed, hydrochloric acid to 
le extent of 3 per cent of the theoretical requirements is found to be 
iequate ; in certain cases ferrous chloride to an equivalent amount 
substituted for this hydrochloric acid and, in presence of iron and 
ater, a clean reduction of the nitrobenzene occurs. It is therefore 
Dvious that, in this case, it is not a question of simple reduction by 
.eans of hydrogen. The operation as conducted shows cataljliic 
atures. No single explanation of the mechanism of the process as 
it finds general acceptance. According to Witt ^ the ferrous chloride 
converted by the reduction process to an oxychloride, which then 
teracts with the iron to regenerate ferrous chloride and to give simul- 
neously magnetic oxide of iron, Ee304 : 

GEeCla + CeHsNOa + HoO — ^ SEeOCl^ + CgHsNHa, 

4FeOCl4 + Ee — EeClg + FcaO^. 

ae sum-total of the reaction could then be expressed by the equation 
4C6H5NO3 + 9Fe + 4H2O 4C6H5NH2 + SFegO^. 

^cording to Wohl ^ the finely divided iron in conjunction with water 
rms the reducing agent 

C3H5NO2 + 2Fe + 4H2O — ^ CgHsNHa + 2Fe(0H)3. 

ohl assumes that the ferric hydroxide interacts with ferrous chloride 
give a double salt which, by further action of metallic iron, is con- 
jrted to ferrous chloride and magnetic oxide. It wih be recalled, 
)wever, in this connection that, in the Bergius process, water and 
)n react at 300° to yield hydrogen under high pressures when acids 
salts, e,g. ferrous chloride, are employed as catalyst. It is possible 
at, under the conditions prevailing in tliis reaction, due to the presence 
a hydrogen “ acceptor nitrobenzene, the reaction proceeds at the 
w^er temperature. The real reducing agent would then be hydrogen 
3m the interaction of water and finely divided iron. 

With other acids than hydrochloric acid the same circumstances 
Id. A small percentage of the theoretical hydrogen requirements are 
fficient for the conduct of the process. Furthermore, the method is 
it restricted to this particular nitro-compound. The reaction is 
neraUy applicable and is utihsed in the organic dye-stu:ff industry in 
imerous cases with which it is beyond the scope of this volume to deal. 

Dinitro-derivatives yield the corresponding diamines. Nitrophenols 
aid aminophenols with side reactions yielding ammonia, phenol, and 
iter, and some anihne. Nitrous ethers yield the corresponding 
lines by reduction in presence of nickel, just as do the isomeric 
bro-compounds. A production of the secondary and tertiary amines 

1 J. Soc. Ghem. M., 1887, 218. ^ Ber., 1894, 27, 1436, 1817, 
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always occurs, the secondary amine generally being produced in the 
greatest amount. Gaudion ^ explains his results with these compounds 
by assuming isomerisation of the nitrous ethers in presence of the 
catalyst. 

Oximes on catalytic reduction yield primary and secondary amines. 
The amides of the fatty acids jidd the corresponding primary amine 
and water with some formation of the secondary amine by rupture of 
the molecule and simultaneous production of ammonia. 

Halogen, derivatives. — Direct reduction of halogen aromatic com- 
pounds is possible, employing finely divided nickel as catalyst. The 
ease of reduction is a function of the compound. The presence in the 
ring of substituent groups such as methyl or hydroxy-radicals facilitates 
reduction. In general, the chloro-derivatives are the most easily 
reduced. The bromo-derivatives are less easily reduced, and the iodo- 
compounds least, of aU. This order is what would be expected in view 
of affinity relationships between hydrogen and the respective halogens. 
On an intermediate compound theory of catalysis also the same order 
would be forecasted, since nickel chloride is readily reduced by hydrogen 
at 270° ; whereas the bromide is less easily reduced and the iodide 
practically not at all at such temperatures. 

In exemplification of the catalytic reduction the following reactions 
will serve. At 270° monochlorobenzene is rapidly hydrogenated, 
benzene being formed. A certain quantity of diphenyl is, however, 
simultaneously produced, due possibly to the direct action of the 
metallic catalyst on the chloro-derivative. 

Poly-chloro-derivatives yield the reduced products in successive 
stages. Thus dichlorobenzene gives successively mono-chlorobenzene 
and benzene. From hexachlorobenzene a mixture of the tri-, di-, and 
mono-chlorobenzenes is obtained. 

The ehlorotoluenes are more readily reduced than the chloro- 
benzenes. Trichlorophenol gives a mixture of 70 per cent of phenol 
and some monochlorophenols. Chloroanilines readily yield the 
corresponding hydrochloride. Chloronitro-compounds suffering simul- 
taneous reduction of the chlorine and nitro-groups also yield the 
hydrochlorides of the corresponding amine. 

Oxygeii'-contaiiiiiig carbon compounds. — ^A number of oxygen- 
containing carbon compounds may be catalytically reduced with 
simultaneous fixation of the hydrogen. Thus, ethyl acetoacetate is 
converted to ethyl butyrate according to the equation 

CHg . CO . CHg . COO . C^Hg + > 

CH 3 . OR , . OR, . COO . C,R, + R,0, 

This reaction is always accompanied by side reactions. A spht of the 
molecule may occur (CH 3 . CO . CHg-and-COO . CgHg), the products 
yielding further reduced substances, the former acetone and secondary 
^ ^7171. Chim. Phi/8,, 1912 (viii.), 25, 129. 
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)ropyl alcohol, the latter ethyl formate, which decomposes under the 
•eaction conditions to ethyl alcohol and carbon monoxide. This latter 
nay be transformed to methane during the reaction. Alternatively, 
mndensation of the molecule may occur as a side reaction, catalytically 
issisted by the nickel. The hydrogen does not function in the change, 
;he products of condensation being dehydracetic acid and ethyl 
ilcohol, according to the equation 

2(CH3 . CO . CHs . COO . C 2 H 5 ) = (CHa . 00)4 + 2 C 2 H 5 . OH. 

With nickel of medium activity aromatic ketones are reduced 
:o the corresponding benzene derivative. Thus, acetophenone, 
I'gHg . CO . CH 3 , yields ethyl benzene. Similarly, aromatic diketones 
^ive the corresponding hydrocarbons : 

CgHg . CO . CO . CgHg + 4 H 2 — ^CgHs . CH^ . CHg . CqR, + 

The anhydrides of dibasic acids give the corresponding lactones. 
Thus succinic anhydride gives butyrolactone, orthophthalic anhydride 
bhe corresponding phthalide, e.g. 

CO /CH 2 

CeH/ \ 0 -^CeH/ > 0 . 

The phenols and poly-phenols may be reduced to the corresponding 
hydrocarbons, but the yields are low. 

Aldehydes. — Aldehydes on reduction are converted to the correspond- 
ing alcohols : 

R.CH0 + H2=R.GH2.0H. 

This reaction is of prime importance in the modern work on the 
production of synthetic alcohol. As shown elsewhere (p. 316), from 
calcium carbide as starting-point, acetaldehyde may be synthesised, 
via acetylene, which is catalytically hydrated to yield the aldehyde. 
Using Sabatier’s catalytic hydrogenation process, the aldehyde thus 
produced may be converted to ethyl alcohol. The reaction is con- 
ducted in the presence of reduced nickel at 140°, using dry aldehyde 
vapour and pure hydrogen. The completeness of the synthesis is 
limited by the reverse process of dehydrogenation of the alcohol pro- 
duced, but, with careful control, a conversion of 80 per cent of the 
aldehyde is possible in a single passage over the catalyst. Temperature 
control must also be rigorous owing to the possibility of catalytic 
decomposition of the aldehyde, which, at 180°, under these conditions 
is rapidly converted to methane and carbon monoxide, 

OH 3 .CHO = CH 4 -fOO. 

The products of reaction, consisting of alcohol, unchanged acetaldehyde, 
and hydrogen, are collected, and, by a process of continuous fractiona- 
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tion, are separated, the unchanged materials returning to the reaction 
system. 

Armstrong and Hilditch. ^ have shown that the reduction occurs 
more slowly than the hydrogenation of simple ethylenic compounds, 
but the mechanism is the same." Water vapour inhibits the hydro- 
genation process markedly. The Lonza Electrizitats Werke carry out 
the process technically by using a large excess of hydrogen, which is 
stripped of reaction product and returned to the inlet of the system. 

Oxides of carbon. — Both carbon monoxide and "carbon dioxide may 
be reduced by hydrogen in the presence of metallic nickel. In each 
case the products of reduction are methane and water, the reactions 
occurring being representable by the equations 

CO + 3H2-CH4 + H2O, 

CO2 + 4H0-CH4 + 2H2O. 

With an active nickel catalyst the reaction with carbon monoxide may 
commence as low as 180" - 200°, the velocity of reaction increasing 
rapidly with the temperature, so that at 250° the conversion is prac- 
tically complete. With carbon dioxide the reaction commences at a 
somewhat higher temperature, towards 230°, and is rapid above 300°. 
It has been suggested that the dioxide may thus be used as a suitable 
starting-point for the preparation of pure methane. It is necessary, 
however, to exercise care in the process, otherwise carbon monoxide 
will be found in the reaction product after removal of the carbon 
dioxide by alkali. The occurrence of carbon monoxide in the hydro- 
genated products of carbon dioxide is of interest, and further study 
of this point should yield information on the precise mechanism of 
reduction. 

With carbon monoxide at temperatures above 250° a second 
reaction may occur, also catalytically assisted by metallic nickel, as 
well as by many metallic catalysts, e.g, iron. Carbon monoxide is 
decomposed, yielding carbon and carbon dioxide according to the 
equation 

2Co::^c+co2. 

The carbon is deposited on the nickel catalyst, rapidly rendering it 
ineffective catalytically. 

The technical application of these hydrogenation processes to the 
production of illuminating gas has been the object of considerable 
investigation, A review of this work may therefore here be given. 

Teclmical production of methane. — ^E1 worthy in 1902 ® was the first 
to apply the process of Sabatier and Senderens to the technical produc- 
tion of methane from carbon monoxide. He employed water gas as 
the source of his methane. The gas was freed from carbon dioxide 
and so much hydrogen added that the theoretical mixture (00 + SHg) 

^ Proc, Boy. Soc., 1920, 97a., 259. ^ See p. 137, 


B.P. 12461/1902 and 14333/1904. 
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for methane formation was obtained. The conversion was to be 
effected by passage of the gases over finely divided nickel at 250°. The 
process was to be exploited by an English company, but technical 
difficulties, mainly the short life of the catalyst coupled with the death 
of the »patentee, affected the progress of the work adversely, and the 
problem therefore remained unsolved. 

Sabatier himself attempted the solution of the problem,^ At the 
outset he sought to reduce carbon dioxide by means of hydrogen at 
temperatures of 350°. Later he proposed an alternative process,^ 
utilising the decomposition of carbon monoxide to carbon and carbon 
dioxide which occurs readily at 500° in the presence of a nickel catalyst, 
together with the observation that the carbon deposited in the mass 
readily combines with superheated steam to form carbon dioxide and 
methane. In this manner mixtures of methane, hydrogen, and carbon 
dioxide could be produced from water gas. The reaction could be 
conducted in the two stages or, by passage of suitable proportions of 
water gas and superheated steam simultaneously over the catalyst at 
500°, the two reactions could be superimposed. In conjunction with 
A.. Girard, considerable energy was expended in attempting this 
alternative scheme on economic lines, but presumably without success. 

In a later patent ^ Sabatier returned to the direct reduction process, 
employing a low-temperature water gas with a high-carbon dioxide 
content and a correspondingly low content of carbon monoxide (12 per 
eent). In this way the necessary excess of hydrogen was obtained. 
Ihe gas, after removal of the carbon dioxide, was passed first over 
leated copper to remove impurities, and then over the nickel catalyst 
30 convert the mixture into methane and hydrogen. 

An alternative method of producing the hydrogen-rich gas neces- 
sary for the production of methane was worked out by Bedford in the 
aboratories of Prof. Erdmann, HalLe-a.-S., and the technical possibilities 
)f the process were exploited by the Cedford Gas Process Co. in England. 

The difficulties in the way of a technical solution of the problem of 
reduction of carbon monoxide by hydrogen in the presence of nickel 
nay be briefly summarised as follows : 

(1) Theoretically, three volumes of hydrogen are required for one 
)f carbon monoxide. In technical practice, it is found that at least 
ive volumes are requisite. 

(2) Sulphur-containing gases poison the nickel catalyst. 

(3) The decomposition of carbon monoxide to carbon dioxide and 
jarbon may occur with decomposition of the latter on the nickel 
iatalyst resulting in loss of catalytic activity. 

The use of low-temperature water gas, as suggested by Sabatier, to 
)vercome the first difficulty suffers from the disadvantage that con- 
iderable quantities of carbon dioxide must be removed, an operation 
)f considerable expense. Alternatively, Elworthy's proposal to admix 

1 F.P. 354621/1905. ^ F.P. 355900/1905. ^ 400656/1908; 
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hydrogen is limited in its application by the relatively high cost of 
hydrogen. The attainment of the hydrogen-rich gas can, however, be 
realised by removal of carbon monoxide from water gas, and this is 
possible by the physical method of liquefaction, making use of the 
di€erence in the boiling points of the two constituents (Hg = - 252*5° ; 
CO=--'R¥jq, As mentioned elsewhere (see p. 228), this process of 
liquefaction has been employed by Frank and Caro for the preparation 
of hydrogen. 

By a modification of the method of operation it was found possible 
so to conduct the liquefaction that at the temperature of liquid air 
so much carbon monoxide was removed from water gas that an 
uncondensed fraction containing 14 per cent of carbon monoxide was 
obtained. The liquefied carbon monoxide was vaporised, a portion 
mixed with the 14 per cent fraction to bring it up in composition to 
17 per cent, and the remainder burned in gas-engines to yield motive 
power to drive tbe compressors and also to work the pumps necessary 
to remove all traces of carbon dioxide from the original water gas. 
This was accomplished by washing with water and with alkali under 
pressure, or, according to the patent of Behrens and Behrens,^ by 
alcohol under pressure in a circulatory system. 

The adoption of the liquefaction process to obtain the hydrogen- 
rich gas mixture simultaneously solved the second difficulty in the 
process. For, in the cooling operation, it was found that all sulphur 
compounds were completely removed from the uncondensed portion 
and remained behind as solids in the carbon monoxide-rich fraction. A 
gas was obtained so free from sulphur impurities that after the passage 
of 500,000 litres over 200 grms,. of reduced nickel the activity of the 
catalyst was absolutely unimpaired. From other sources it is possible 
to confirm this observation as to freedom from sulphur, and it may be 
stated that as much as 3,000,000 volumes of gas per volume of catalyst 
may be successfully treated without recording a departure from the 
quantitative nature of the conversion. 

The further difficulty associated with the process, due to carbon 
deposition, is practically eliminated by use of the gas with 5 volumes 
of hydrogen to 1 of carbon monoxide. The diluent efiect of the 
hydrogen is sufficiently great to prevent decomposition occurring in 
any marked degree. 

^ For the reduction process it was found that three quartz tubes, ^ 
1*5 metres long and 12 cm. diameter, each containing 200 grms, of 
finely divided nickel, were adequate for the treatment of 400-500 
cubic feet of gas per hour. The yield of methane-rich gas thus obtained 
averaged 200-250 cubic feet per hour. The quartz tubes were main- 
tained at a temperature of 280°-300°. Since tbe reaction is strongly 
exothermic, 

CO -f 3 H 2 = CH 4 + H 2 O + 48,900 cals., 

D.R.P. 2J6942. 2 Xhermal Syndicate, Wallsend. 
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may readily be shown that with a gas of 17 per cent carbon monoxide 
intent the process will maintain itself without the supply of external 
?at. 

In a sixty-hour test run under these conditions the following sample 
ita were ‘collected : 



COa. 

CO. 

Ha. 


CH 4 . 

Cal.Val. 

per 

cub. ft. 

a) Composition of the water gas . 

3'8 

38*3 

62*2 

5*7 



288 

b) Water gas freed from COo 

0 

41*0 

54*0 

5*0 

— 

— 

c) Hydrogen-rich gas 

0 

13*9 

84*3 

1*8 

— 

298 

d) Carbon monoxide-rich gas 

0 

93*2 

0*5 

C-3 

— 

325 

e) Mixture of (c) and (d) used for 
reaction .... 

0 

16*3 

80*9 

2*8 


298 

/) Samples after reduction . (1) 

0 

0 

64*8 

6*9 

28*3 

466 

(2) 

1-4 

0*2 

60*6 

5*8 

31*8 

488 

(3) 

0-6 

0 

61*4 

6*2 

31*8 

[ 

j 490 


It was shown that if diminution in activity of the nickel due to 
^rbon deposition occurred, this could be removed by slowing down 
le stream of gas for a period of time during which the nickel recovered 
3 activity. According to Mayer and Henseling,^ this is due to inter- 
dion of the deposited carbon with hydrogen to form methane. 

To avoid carbon deposition, the carbon monoxide content is kept 
ilow 17 per cent. Hence a gas with more than 32 per cent of methane 
mnot be obtained in one operation. Actually, however, by addition 
further quantities of carbon monoxide to the reduced gas, the process 
ay be repeated and a gas containing as much as 76 per cent of methane 
ay be obtained by successive treatments. 

As to the economics of the process, Mayer and Henseling are 
issimistic, Erdmann, on the other hand, claims considerable pos- 
bilities for the process. It is obvious that a considerable reduction 
. volume occurs in the process, so that large volumes of gas must 
icessarily be treated to obtain a given output. This would militate 
gainst its successful utilisation as a source of illuminating gas j}er se. 
n the other hand, the considerable increase in calorific value per 
lit volume accompanying the conversion suggest its application as 
1 enriching agent for water gas produced in gas-works for addition 
I the ordinary coal gas supply. This would obviate the use of oil 
Lpphes for carburetting water gas and therefore increase the quantities 
: such material available for other purposes. There seems to be 
'stinct possibihties of use for a gas with a calorific value averaging 
)0 B.T.U. capable of production at a figure comparable with that of 
)al gas. The product of the Gedford process, it was seen, averages 
10 B.T.U. per cubic foot, so that admixture of this with an ordinary 

1 J./. GasbeUwht., 1909, 52, 169, 197. 
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water gas of 300 B,T.U. in equal proportions would yield a gas of 
calorific value well above the 350 B.T.U. standard. The cost of 
production, also, should be within the limits of practical consideration. 
Nevertheless, so far as is known, no considerable technical development 
has taken place in such direction. Extended familiarity with technical 
catalytic processes may, however, promote such development along 
the lines suggested by the above outline or in similar directions, employ- 
ing other catalytic agents for the production of the methane. 

Medsforth ^ has shown that this reaction can be much more rapidly 
conducted if the nickel catalyst contains a promoter. Ceria, thoria, 
glucina, chromium oxide, alumina, and silica gave a from 17-fold to 
12-fold increase in velocity over that obtainable wdth the straight 
nickel catalyst. Zirconia, molybdenum, and vanadium oxides were 
somewhat less efficient, though stih good promoters. Tin and mag- 
nesium oxides, copper and silver metals produced no acceleration over 
the straight nickel. With the carbon dioxide reaction the increases 
in velocity were somewhat less than those recorded for the monoxide 
reaction, although the order of efficiency was the same. ' The mechanism- 
of the promoter action has already been discussed.^ 

Armstrong and Hilditch ® conclude that when purified water gas is 
passed over nickel at 200^-300'^ C. the predominating reaction is 

2CO-f2H2 = C02 4-CHi. 

The reaction is regarded as the sum of t'wo reactions : 

2CO-f-2H^O = 2CO,4-2H2, 

CO2 -f 2H2 + 2H2 = CH4 + 2H2O, 

the former of which is regarded as occurring in the same manner as 
the reaction in presence of copper previously studied by them,^ namely, 
via formic acid : 

CO +H 2 O — > HCOOH CO 2 +H 2 . 

With cobalt the reaction commences at a lower temperature, 180° C., 
but the reaction yielding carbon dioxide and methane is subsidiary to 
the main methanation process : 

C0 + 3H2=:CH4 + H20. 

Silver is inert, iron almost so, platinum and palladium of minor 
activity. Increase of pressure up to 6 atmospheres increased the 
minimum temperature of interaction. The reaction producing carbon 
dioxide and methane produces more methane from water gas than any 
other reactions. It may therefore have value as a means of increasing 
the methane content or lowering the carbon monoxide content of town’s 
gas. 


1 J. C'/iem. 1923, 123, 1452. 
® Proc. Roy, Soc,, 1923, 103a, 25. 


^ Chapter V. p. 104. 

^ Proc, Roy. Soc., 1920, 97a, 265. 



vin 


HYDKOGEN AND HYDKOGENATION 


257 


Various' efforts to produce methane from carbon monoxide and 
hydrogen in the presence of metallic copper have thus far proved 
unsuccessful. This raises an interesting problem as to the reasons 
why nickel and copx3er are thus differentiated. 

Partial reduction of carbon monoxide. — The possibilities inherent 
in a process for the conversion of water gas into methyl alcohol 
according to the reaction 

CO + 2H2— > GH3OH 

first attracted the attention of Sabatier and Senderens.^ They found, 
however, that with nickel as a catalyst no trace of alcohol was obtained, 
the reaction proceeding entirely to methane : 

CO + 3H2 — >■ CH4 + H2O. 

At a later date ^ the Badische Co. claimed the utilisation of pres- 
sure in a process for the conversion of blue water gas into a mixture 
of oils. Pressures over 100 atmospheres and a temperature range of 
360°-420° C. were claimed as suitable with catalysts consisting chiefly 
of metals, especially iron and others of the iron group, impregnated 
with alkalis ; in addition zinc and zinc oxide were suggested as catalysts. 
The oils so produced consisted in part of hydrocarbons ; the rest was 
water-soluble containing alcohols, acids, aldehydes, and ketones. 

A paper patent in T916 ^ describes the preparation of methyl 
alcohol from water gas at atmospheric pressures, utilising nickel or 
platinum as catalyst. In 1921 Calvert ^ claimed an 80 per cent 
conversion into methyl alcohol at atmospheric pressure. No details of 
the catalyst are given, but it was in all probability a metallic oxide. 
Patart ® in the same year claimed the conversion of a gas mixture of 
composition corresponding to 2 H 2 : CO at C. and at high 

pressures into methyl alcohol, utilising metals or oxides which are 
hydrogenating catalysts. 

In 1923 the Badische patents appeared, and the technical plant at 
Merseburg was put into operation for the manufacture of pure methyl 
Eilcohol, whilst experiments on the production of long chain compounds, 
including alcohols and acids and hydrocarbons suitable for motor fuels, 
were continued by Pischer,® This phase of the process is at present 
just emerging from the experimental to the industrial stage. 

It is clear that two stages in the. process of reduction are distinct 
from one another, the primary or ready production of methyl alcohol, 
which, is apparently followed by further reactions building up the hydro- 
carbon chain. 

Methyl alcohol production. — ^Erom the heats of formation of the 
irarious reactants the heat of reaction to form methyl alcohol from the 

1 Ann. Ohim. Phys. (iv.), 1905, 418. ^ D.R.P. 293787/1913 and B.F, 4684-27/1914. 

3 Dreyfuss, B.F. 492154/1916. ^ Chem. Age, 1921. 5, 153. « B.F. 540343/1921. 

® BrennstofJ Ohemie, September 15, 1923 ; July 1, 15, 1924. 
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ideal water gas 2H2 : CO is found to be 2T5<X)0 cals., tlie reaction 
being exotbermic : 

CO -f 2 H.> = CH3OH -f 27 , 000 . 

The values of the equilibrium constant at various temperatures may- 
be obtained with the aid of the approximation equation of the Xernst 
heat theorem : 

iogjo K=- + 1 -SSk log T + HvC, 

where C represents the chemical constants. 

Inserting the values Q = 27 . 0 (Xl, On, = 1 * 60 , Cco- 3 * 5 , Coh30H = 3 * 5 , 
1^ = 2 we obtain the folio wdng values of : 

Temperature ~ E . . 400 500 600 700 SOO 1000 

Logic Kp = (^Kp = ' ) ~ 

It is clear that it is most advantageous, as in the ammonia synthesis, 
to operate at as low a temperature as is possible compatible with 
catalytic efficiency. 

The importance of operating at high pressures is likewise evident 
from the fact that the equilibrium is displaced towards the methyl 
alcohol side with increase in pressure proportionally to a much greater 
extent than in the ammonia synthesis. 

Thus, at 600 '^ K or 327 ° C. the equilibrium constant is ca. 10 ^ ; if 
water gas containing equal quantities of hydrogen and carbon mon- 
oxide he brought to equilibrium with methyl alcohol at various 
pressures, the partial pressures of each constituent will he 


Total Prfesure i 
in Atmospheres, i 

1 Partial Pressure, 
H,. 

Partial Pressure, 
CO. 

Partial Pressure, 
CH3OH. 

I 

0-5 : 

0-5 

X: 

9*5 X 10"^ mm. 

10-1 

5 ! 

5 

0T25 atm. 

225 1 

; 50 1 

i 

i 50 

125 atm. 


The choice of catalyst for the reaction was evidently limited by 
the fact that hydrogenation to methane had to be avoided. More 
hope was to be found in substances such as metallic hydroxides, which 
readily yielded formates on interaction with carbon monoxide. The 
study of the nature of the products of decomposition of metallic 
formates had been carried out by Grieben, Hofmann, and Goldschmidt, 
and whilst potassium formate yielded the oxalate and hydrogen on 
heating, ,^inc formate was found to give good yields of formaldehyde, 
methyl formate, and methyl alcohol. ^ 

The experiments of Patart, of the Service des Poudres Francais, 
and of the Badische Co. showed conclusively that zine oxide was in 
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‘act an excellent catalyst, being quite active at temperatures of 400°- 
1:20° C., pressures of from 150-250 atmospheres being employed. 

The Badisclie Co. are said to be operating at temperatures as low 
IS 250°-300° C., with a zinc oxide catalyst promoted with chromium 
)xide and at a pressure of 200 atmospheres. 

In operating the process, as has been indicated, special attention has 
;o be paid in purification of the ideal water-gas mixture 2H2 : CO, not 
)nly in respect to sulphur compounds, but in the elimination of all 
-races of hydrogenating catalysts such as iron and cobalt and especially 
dckel salts. The catalysts prepared from oxides of metals in different 
ystems in the periodic table, with the most basic oxide in excess, must 
ikewise be free from these impurities as well as from alkalis. Copper 
las proved the most suitable metal as catalyst container. 

Synthesis of hydrocarbon chains. — -Whilst the primary formation of 
nethyl alcohol on the surface of the zinc oxide catalyst apparently 
)roceeds smoothly through the formate, the subsequent production of 
ong chain hydrocarbons and their oxy-derivatives appears to be more 
omphcated. As efficient catalysts, oxides or iron impregnated with 
trong alkahs at 400°-420° C. and 150 atmospheres may be used. 
?he resulting product contains relatively large quantities of isobutyl 
nd higher alcohols up to Cg, isobutyric and higher acids up to 
I9, isobutyric aldehyde and higher aldehydes, acetone and higher 
imple and mixed ketones, about 2 per cent of esters, 1 per cent of 
.ydrocarbons, and a small quantity of waxy solid. 

The mechanism of formation of these long chains can be interpreted 
1 various ways. Since the combination of a hydrogenating catalyst 
nd a strong alkah are required to effect catalysis, this suggests the 
ollowing sequence of reactions : 

(1) CH3OH CO — ^ GH3COOH on the alkali, 

(2) CH3GOOH + Hg — >• CH3GHO on the hydrogenator, 

(3) GH3CHO -F H2 — >• C2H5OH on the iron. 

'he process commences again with ethyl alcohol as reactant. 

If this mixture be heated. to 400° G. in an autoclave the alcohols 
nd aldehydes are decomposed and a mixture of saturated and un- 
aturated hydrocarbons are obtained, a suggestive method for the 
3rmation of natural naphthenic petroleum from water gas, 

HYDBOaENATION OF UnSATITBATED COMPOUNDS 

By far the greater number of catalytic hydrogenation processes may 
e classified in this grouping, and in the hardening of oils the utility 
f the process finds a practical application. Examples of hydrogena- 
Du of all types of unsaturated compounds may be given, including 
Dmpounds containing the ethylene double bond, the acetylene triple 
ond, the triple and quadruple linkage between carbon and nitrogen. 
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tiie double bond between carbon and oxygen, tbe benzene nucleus, and 
various other xmsaturated nuclei. 

Ethylene. — The ethylene linkage is readily hydrogenated in the 
presence of metal catalysts. Thus, in the presence of nickel, ethylene 
itself is hydrogenated at temperatures as low as ethane being the 
product. The rate of reaction increases with temperature, and is very 
rapid in the temperature interval 1 30^-150'^. If the temperature em- 
ployed be too high, decomposition of the hydrocarbon, in other words, 
dehydrogenation, also sets in, with deposition of carbon and liberation 
of a mixture of ethane, methane, and hydrogen, the two latter in 
larger quantities the higher the temperature employed. This behaviour 
is quite general for all the ethylene hydrocarbons investigated. At the 
lower temperatures hydrogenation proceeds more or less quantitatively 
to the corresponding saturated compounds. At elevated temperatures 
decomposition sets in, with formation of simpler hydrocarbons and 
hydrogen together with carbon and a small proportion of complex 
liquid hydrocarbons. 

Mechanism , — The best kinetic studies of the hydrogenation of 
ethylene have been made by Rideal ^ using a nickel catalyst and by 
Pease 2 with copper, Rideal used a relatively inert nickel catalyst 
produced on a strip of nickel foil. He studied the rate of reaction of 
the mixed gases, at relatively low partial pressures (0-200 millimetres), in 
varying ratios, over the temperature interval of 30°-200° C. He found 
that, in excess of hydrogen, the velocity is proportional to the pressure 
of ethylene, in excess of ethylene to the hydrogen partial pressure. 
Ethane acts as an inert diluent. An optimum temperature of reaction 
occurs at about 137° C. The reaction velocity is governed not only by 
the rate of ^ impact of the reactants on the free spaces of the catalyst, 
hut also by the length of life of the molecules on the surface. These 
contrary factors gave a maximum velocity effect at 137° C. Rideal 
made the important observation that, on the most advantageous con- 
ditions of impact, the catalytic efficiency of his metal surface was only 
0-04 per cent. Oxygen inhibits the reaction, hydrogenation of the 
ethylene being negligible before all the oxygen is converted to water. 
From his data, Rideal deduced a heat of adsorption of hydrogen by 
nickel of 12,000 pals., a surprisingly high value which was, however, 
subsequently confirmed by direct measurement.^ 

Pease showed that, in presence of copper, the bulk of the surface 
in contact with a stoichiometric mixture is largely covered by ethylene, 
and the rate of reaction is determined by the rate at which the 
hydrogen can reach active centres in the catalyst surface. Pease 
showed that the centres on the copper surface which are capable of 

^ J. Che.m. Soc„ 1922, 121, 309 ; see also Palmer, Proc, Roy, Soc.^ 1921, 99a, 402. 

Gh&m. Soe„ 1923, 45, 1196, 2235 ; see also Grassi, U Nu(yoo Cim., 1916 (6), 

3 Poresti, Gazzetla, 1923, 53, 487 ; Beebe and Taylor, J. Amer. Chem. Soc„ 1924 46, 43. 
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Lclsorbing liydrogeii were not all sufficiently active to produce liydro- 
^enation, and that therefore, even in a very highly active catalyst 
Pease's catalysts were so active that the reaction was rapid at 0° 0.), 
:he proportion of the surface which was catalyticaily efficient was a 
rery small fraction of the total surface. This confirmation of Rideal’s 
‘esult in the case of nickel is of fundamental importance in the theory 
)f contact catalytic change.^ 

The problem of hydrogenation of unsaturated hydrocarbons is allied 
;o the experimental work of Bergius on the action of high-pressure 
lydrogen on coal and tar oils. Experimental investigation shows that, 
it 400° and 100 atmospheres hydrogen pressure, hydrocarbon oils 
result from coal, and that these yield, on distillation, products resembling 
:he paraffin hydrocarbons. The application of catalytic agents to such 
‘eactions would seem to ofier possibilities of development in a technical 
iirection. 

Alcohols with a single unsaturated linkage are hydrogenated, with 
'ormation of the corresponding saturated alcohol. Thus, at 130°-170°5 
n presence of nickel, allyl alcohol yields propyl alcohol. Similarly, 
iitronellol, 

(CH3)2G - CH(GH2), . CH — GHo . GHg . OH, 

I 

CH3 

jdelds the dihydro-derivative. 

With aldehydes, conversion to the saturated aldehyde is readily 
effected, but simultaneous reduction to the saturated alcohol occurs, 
}hough at a less rapid rate of reaction. Thus crotonaldehyde gives a 
50 per cent yield of butyric aldehyde and 20 per cent of butyl alcohol 
cvhen heated with hydrogen in presence of nickel at 125°. 

By adjustment of the temperature of operation, ketones with 
ethylene linkages can be reduced to the saturated compound without 
dmultaneous reduction of the ketonic grouping. Thus, at 160°-170°, 
phorone, (GH 3 ) 2 G==GH . GO . GH = G(GH 3 ) 2 , gives di-isobutyl acetone, 
it 225° the corresponding secondary alcohol and saturated hydrocarbon 
rppear in the product. 

Unsaturated acids are hkewise hydrogenated without any action of 
}he acid on the metal catalyst ; this is of importance in the technical 
lydrogenation of oils, since these always contain small amounts of free 
icids. 

The esters and glycerides of unsatiirated acids are hkewise hydro- 
genated readily in the vapour phase. For technical operation, how- 
ever, the discovery that hydrogenation could be efiected in the liq[uid 
phase obviated the necessity of employing the vapours of the oils, 
nost of which are non-volatile. A considerable industry in the hydro- 
genation of oils has now been estabhshed, the details of ,which merit 
extended consideration, 

^ For further discussion see Poisons, Chapter VI, p. 127. 
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Hybrogenatiox of Oils 

Tlie classic studies of Sabatier and Senderens wMch have just been 
detailed undoubtedly laid the foundation for the development of the 
many processes now in technical operation for the hardening of oils by 
hydrogenation. The problem of oil hardening, briefly stated, consists 
in the conversion of oils which at the ordinary temperature are liquid 
into fats "which are hard imder the same conditions. Chemically ex- 
pressed, the problem is the transformation, by addition of hydrogen to 
the naolecule, of the glycerides of unsaturated acids, such as oleic acid,- 
into the glycerides of the corresponding saturated acids, such as stearic 
acid. The hydrogenation is accompanied by the elevation of the 
melting point of the glyceride. Since the market value of solid or semi- 
solid fats is intrinsically higher than that of the liquid fats, it is obvious 
that such a transformation, if efiected cheaply, has a large industrial 
importance in the soap, candle, and margarine industries. 

Early efiorts to eflect hydrogenation of oils are almost legion, and 
all of them were failures technically. The early work of Chevreul and 
Berthelot is classic, many possible methods of introducing hydrogen 
being attempted. Chlorine,^ bromine, and iodine ^ have all been pro- 
posed. iSTascent hydrogen produced from finely divided zinc and water 
in the presence of olein under pressure was claimed by Tissier.^ 
Schmidt’s process of heating zinc chloride with oleic acid at 185° was 
tried, without success, upon a large scale. The process of Warentrapp, 
in which olein is fused with caustic potash "with formation of palmitic 
acid, had an industrial application so long as the price of olein was low. 
The brisk advance in recent years of the price of this material has, 
however, destroyed the value of the process. The processes of Wilson 
and of Milly transformed oleic acid into oxystearic acid by the action 
of sulphuric acid. The losses in the process are, however, consider- 
able and militate against its use. Hydrogen generated by electrolysis 
was also tried by Petersen, who electrolysed alcoholic solutions of 
oleic acid acidified with a mineral acid, nickel electrodes being em- 
ployed. The yields obtained did not exceed 20 per cent. Aqueous 
fatty material acidified with sulphuric acid and electrolysed, as well as 
material previously sulphonated,^ with subsequent electrolysis, have 
also been proposed as solutions of the problem. De Hemptinne em- 
ployed the electric discharge upon a thin layer of oil in contact with 
hydrogen. Repeated operation thus gave yields up to 40 per cent. 

Hydrogenation by catalytic action was shown by Sabatier and 
Senderens to be easy of accomplishment with bodies capable of vapor- 

1 Zurrer, B.R.P. 62407/1891 ; Imbert, U.S.P. 901905/1908. 

- Goldsehmidt, Siizungsber. K. Akad. Wien, 1875, 72, 366 ; de Wilde and Geychler, 
BtdL Soc. chim., 1889 (iii.), 1, 295. 

3 F.P. 263158/1897. ^ Wager, D.B.P. 247454/1911. 
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isation. The patent of Senderens ^ for the reduction of the vapours 
of nitrobenzene to aniline by hydrogen in presence of finely divided 
nickel is the first patent significant of the technical development which 
such catalytic hydrogenation would rapidly attain. 

Application of the principle to liquid media was disclosed in the 
patent of Leprince and Sieveke ^ and in the corresponding British 
patent of Normann.^ For this latter, which has been exploited in 
England by Messrs. Crosfield of Warrington, a fundamental character 
was claimed. It was decided (1913) in the English courts that the 
Normann patent could not be regarded as constituting a monopoly of 
processes for the hydrogenation of oils, and consequently many other 
patented processes are now being used for the purpose on a technical 
scale. The operation of the catalytic action hi liquid medium has 
alone rendered this technical appHcation possible, since only a small 
percentage of fats and oils can be vaporised without decomposition, 
rendering inapplicable, therefore, the well-known procedure of Sabatier 
and Senderens in the vapour phase. 

The numerous processes proposed may broadly be classified under 
four distinct headings : 

(1) Processes employing reduced nickel or other base metals. 

(2) Processes employing the precious metals : platinum and 

palladium. 

(3) Processes employing oxide of nickel and oxide catalysts in 

general. 

(4) Processes employing organic salts of nickel. 

Processes employing reduced nickel or other base metals. — These* 
processes are apphcations to liquid media of the Sabatier-Senderens 
hydrogenation reaction. Nickel is known to be the best catalytic 
agent of the series, copper, iron, cobalt, and other metals having also 
been studied. 

The preparation of the catalyst material is the most important 
matter in the attainment of efficient hydrogenation, the aim of the 
operation being the preparation of the metal in a finely divided con- 
dition. The researches of Sabatier and Senderens have shown, as 
previously emphasised, that the temperature of reduction of the oxide 
by hydrogen determines largely the properties of the catalyst. The 
oxide should be prepared from salts free from chlorine and sulphur, 
which act as poisons in the case of nickel. Copper is less sensitive to 
poisons, but also less active catalytically.' The access of air or oxygen 
to the catalytic material should also be prevented, as oxidation readily 
occurs, even if the preparation be not pyrophoric.. 

The catalyst may be employed without any supporting material, 
intimacy of contact and uniformity being secured by agitating the oil. 


1 F.P. 312615/1901. 


2 D.R.P. 141029/1902. 


3 B.P, 1515/1903. 
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A process by Kayser has been patented on this principled The early 
patent of Xormann indicates the possibility of rendering the catalyst 
more active by fixing it upon a porous support such as pumice. The 
use of other supports has also been proposed, as, for example, wood 
charcoal, metals, talc, kieselguhr, and infusorial earths generally. 

The reduction may be carried out on the oxide either in the dry 
state or, alternatively, suspended in a portion of the oil to be hydro- 
genated. The former is the familiar laboratory process modified to 
technical conditions. "While the catalyst produced may not be so 
active, it is more rugged than that reduced in oil. This latter method 
gives a catalyst which is very finely divided and of high activity. The 
colloidal nickel so produced, however, occasionally shows a tendency 
to agglomerate and to settle out of the oil mixture. The temperature 
of reduction of the oxide is sufficiently high that danger of altering the 
molecular condition of the oil by polymerisation — with consequent 
changes in taste — ^is possible and may adversely affect the hydrogena- 
tion product, if required for edible purposes. Dewar and Liebmann ^ 
showed that it was po^ible to lower the reduction temperature of 
nickel oxide by adm ixi ng with the oxide 10 per cent of cupric oxide. 
The lower reduction temperature thus secured would favour the 
production of a more active nickel. Armstrong and Hilditch ^ have 
shown that the copper-nickel oxide mixture must be achieved under 
certain prescribed conditions for tbe beneficial action on the tempera- 
ture of reduction to be obtained. They ascribe the lowering of the 
reduction temperature to the effect of local overheating produced by 
the exothermicity of the reduction process in the case of copper oxide. 
Kahlenberg and Ritter ^ found that a 50:50 nickel-cobalt catalyst 
was superior to their nickel catalyst similarly prepared. 

The temperature at which hydrogenation is carried out is governed 
by the nature of the compound to be treated and the catalytic agent 
used. For each compound there is a well-defined range of temperature 
for efficient operation. With nickel, for a number of oils, the range is 
from 160"^^ to 200° with a temperature of maximum saturation velocity 
in the neighbourhood of 180°. With copper, the temperature is 200° 
and upwards. 

Hydrogenation with base metal catalysts is carried out technically 
both at atmospheric pressure and under pressures of several atmo- 
spheres, the actual procedure adopted varying with the process employed. 
In certain processes the hydrogen under pressure is utilised to assist 
m spraying the oil in the hydrogenation chambers. In all cases the 
emp oyment of pressures above the atmospheric will assist the progress 
of the catalytic action. The figures of Shaw ^ on the hydrogenation of 
oleie acid for the same period of time under varying pressures demon- 


^ U.S.P. 1004035/1911. 

® Proc^ Roy. Soc.y 1922, 102a, 27. 
® Seijen. Zeit.y 1912, 39, 713. 


2 B.P. 12981/1913 and 15668/1914. 
* J, Physical Qhcm.y 1921, 25, 89. 
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strate the eSect of pressure in dimimshiug the iodine value, and 
therefore also in raising the melting point of the material : 


Pressures in 
Atmospheres. 

Temperature. 

i 

Iodine No. 

5 

i 

250° 

77 

25 

i 250 

64 

50 

; 250 

1 

1 

52 


Processes employing the precious metals. — The metals platinum and 
palladium, owing to their well-known catalytic activity, have received 
considerable study as agents for hydrogenation, and latterly their 
employment upon a technical scale, in spite of their rareness and 
consequent initial cost, has been successfully achieved. 

The prevailing advantage in the use of rare metal catalysts would 
seem to lie apparently in the lower temperature of hydrogenation 
required. Thus, as early as 1906, EoMn had shown that, using pal- 
ladium as palladium black, oleic acid could be reduced completely to 
stearic acid at a temperature of whereas with reduced nickel 

a temperature 100° higher would be required in practice. With 
platinum in the form of platinum black the degree of reduction was 
not so great, only 24 per cent of stearic acid being formed. 

The theoretical investigations of Paal and his co-workers,^ of 
WiUstatter,^ and others have demonstrated conclusively that numerous 
hydrogenations can be ejected in presence of finely divided platinum 
or of colloidal palladium as catalyst. In general it was found neces- 
sary to stabilise the colloidal metal, and various protective colloids 
were employed to efiect this. Paal made use of a water-soluble pro- 
tective coUoid, the sodium salts of protalbinic or lysalbinic acids. Skita, 
who in his book uher katalytische Reduhtionen organiscJier Yer- 
hindungen^ has detailed in a comprehensive manner the literature of 
the subject, employed an acid-stable protective colloid such as gum 
arabic in place of the agents used by Paal. Solutions of platinum or 
palladium chloride in presence of such protective agents are reduced 
to stable colloidal solutions of the metal by means of hydrogen in the 
cold. The protective colloid also has the power of preventing the 
precipitation of the hydroxide of the metal when sodium carbonate is 
added to the solutions, the metal remaining in colloidal suspension. 
Such colloidal suspensions have proved to be excellent hydrogen carriers 
for hydrogenation of both aromatic and aliphatic unsaturated com- 
pounds. For technical operation, however, such stabilised colloidal 
catalytic agencies have little value, and the solution of the problem 
of technical hydrogenation by catalysts of the precious metal type was 
sought in another direction. 

1 Ber., 1905-1909, 38, 40, 41, 42. 2 Ibid., 1908, 41, 2199. 

® F. Enke, Stuttgart, 1912. 
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Paal aud the Yereinigte Chemische Werke of Charlottenburg have 
obtained numerous patents claiming the use of the noble metals for 
technical hydrogenation. The salts of the metals are employed in a 
powdered state, mixed with the fats to be hydrogenated, and treated 
with hydrogen at a pressure of several atmospheres at temperatures 
preferably below 100°. 

The salts employed may be the simple compounds, PdClg, PtClg, 
PtCl 4 , or the chloroplatinates, such as HgPtClf., KgPtClg, or the copper 
salt. Other acid radicals, e,g. the oxalate, maybe substituted for chloride. 
They may be brought into the reaction medium either in the powdered 
state or in aqueous solution ; or they may be added to the mass in a 
suspension in oil obtained by trituration of the sohd with a small 
quantity of the oil to be hardened. In general, to prevent the forma- 
tion, during reduction, of free acid from the salts employed, a sufficient 
quantity of a neutrahsing agent, such as anhydrous sodium carbonate, 
is also added. The use of carriers and porous supports for the metals 
is also indicated. Precipitated oxides and carbonates, talc, and 
infusorial earths are suggested. Further, metallic powders, such as 
magnesium or nickel may also be employed to the same end. It is 
important both in the employment of double salts of the platinum 
metals and of metallic supports that metals should be employed 
which do not act anti-catalyticaUy in the process. Thus in this 
connection it is to be observed that lead acts very markedly as anti- 
catalyst. The researches of Karl^ have shown that hydrogenation is 
very sHght when lead, aluminium, iron, or zinc are used as metal 
supports. Oxides, hydroxides, and carbonates of the first three metals 
have a similar anti-catalytic effect. 

The use of the metaUic salts is much more effective from the 
hydrogenation point of view than the use of corresponding amounts of 
the rare metals in the form of the sponge or of the metal black, both 
the velocity and the degree of hydrogenation being markedly improved. 
The time required for reduction depends upon the amount of rare metal 
salt used and also upon the pressure of the hydrogen. In an example 
cited by Paal in a patent specification, using 1 part of palladium as 
salt with 50,000 parts of castor oil, at a hydrogen i^ressurc of 2-3 
atmospheres and at a temperature of 80°, the completion of the reduc- 
tion process, as recognised by the gas pressure remaining constant for 
some considerable time, could be attained in from six to eight hours. 

The recovery of the catalyst after use is an operation of importance 
when a catalyst of considerable costhness is employed. The methods 
employed consist in the main of the destruction of the colloidal nature 
of the catalyst and the consequent precipitation thereof. This is 
attained by the addition of an electrolyte such as hydrochloric acid or 
of aluminium chloride, which electrolytes produce an immediate 
flocculation. With such means it has been found possible to hydro- 
^ Inaugural Dissertation, Erlangen, 1911, j5er., 1913, 46, 3069. 
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geuate 100 kilos, of oil, employing 1-2 grms. of palladium, recovering 
from the reaction more than 90 per cent of the catalyst. 

The use of other metals of the platinum series has also been in- 
vestigated. The Yereinigte Chemische lYerke^ specifies iridium, 
rhodium, ruthenium, and osmium as catalytic material. Lehmann ^ 
hydrogenated small quantities of olive oil, starting with osmium 
tetroxide as catalytic material, which on hydrogenation produces a 
colloidal solution having markedly high activity. It is obvious, how- 
ever, that the capital cost of such materials will in all cases hinder 
their emx3loyment upon the large technical scale. 

Processes employing oxide of nickel and oxide catalysts in general. — 
Bedford and Erdmann ^ have claimed that oxides of nickel act as 
efficient carriers of hydrogen to oils and fats and that they possess 
certain advantages in practical employment over metallic nickel. The 
oxide catalyst is claimed to be less sensitive to sulphur and chlorine as 
poisons and to permit the use of hydrogen containing larger concentra- 
tions of impurities, notably carbon monoxide. They claimed that 
while both the sequioxide and monoxide are efiective as hydrogen 
carriers, a nickel suboxide is the most efficient. A considerable patent 
literature arose ^ with reference to these oxide catalysts for hydro- 
genation and a considerable amount of technical development was 
initiated for such processes. It is possible that this arose in an effort 
to avoid infringement of patents covering the use of the reduced metal 
as catalyst. 

A considerable pontroversy has taken place as to the nature of and 
activity of the supposed suboxide of nickel. Meigen and Bartels ^ 
claimed that the actual hydrogen carrier in the process was really 
metallic nickel. Bedford and Erdmann denied this, stating that the 
oil in which reduction was carried out hinders complete reduction. 
The catalyst upon removal from the hardened oil and after being freed 
from oil by benzol extraction is a strongly magnetic black powder, 
having a nickel content between that of the metal and nickelous oxide. 
It is said not to form nickel carbonyl when treated with carbon monoxide 
under conditions in which it would be readily obtained from the metal. 
Sabatier and Espil ® found a sHght inflection in the reduction rate of 
the oxide at a point which would correspond to a difficultly reducible 
oxide of the formula Ni 40 . Sabatier and Espil, however, proved the 
formation of nickel carbonyl with the product obtained at this stage 
of reduction. Moore indicates the existence of a suboxide of nickel. 
Erdmann attempted the preparation of Moore’s product, showed it to 
have the properties of the reduced material of Bedford and Erdmann, 

1 S’.?. 425729/1911. ® Seifen. ZeU., 1913, 40, 418. ^ j 1913, 87, 425. 

^ Bedford, B.P. 29612/1910 ; Bedford, Erdmann, and WilHams, D.R.P. 62366 ; D.R.P. 
260009/1911 ; E.P. Add. 18122/1913 ; Boberg and Teobno-Cbemicai Laboratories, Ltd., 
B.P. 4702/1912. 

® J. pr. Ghem,, 1914, 89, 301. 

Chem. NewSf 1895, 71, 82. 


® Compt rend., 1914, 159, 668. 
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to show colloidal properties towards oil, and to be a good hydrogenation 
catalyst. 

Armstrong and Hilditch ^ have made a thorough study of the 
reduction of nickel oxides of different types. They conclude that the 
superior activity of a partially reduced product over a completely 
reduced metal is due to its being a ‘‘ supported ” catalyst, of the same 
type though not of the same degree of activity as nickel upon a support 
such as kieselguhr. The reduction curves are related to the physical 
condition of the oxide rather than to the formation of any more or less 
definite suboxides. They showed by experiment that the activity of 
a partially reduced product is dominated by the condition of the 
surface layer of reduced nickel. With non-supported catalysts, maxi- 
mum activity is reached when only a portion of the nickel oxide has 
been reduced to metal ; with a supported catalyst, however, which is not 
appreciably reduced in bulk by the process of reduction, the catalytic 
acti\dty, instead of declining again, is maintained constant until and 
when the whole of the nickel oxide present has been reduced. It is 
therefore certain that variations in the catalytic activity of these 
reduced products are to be ascribed to variations in the nature of and 
area of free nickel exposed, and do not require for their interpretation 
the assumption of the presence of any catalyst other than the metallic 
nickel. 

That the oxide is quite unnecessary for the production of an active 
nickel catalyst has recently been established in two other different 
researches. Kahlenberg and Ritter^ showed that nickel chloride re- 
duced with hydrogen at 180°-250° C. is a good catalyst for hydrogenation 
of oils. Kelber^ also showed that the characteristics of a nickel 
catalyst prepared by reduction of nickel cyanide with hydrogen were 
identical in every way with those prepared horn an oxygenated starting 
material. 

Processes employing organic salts of nickel.— To avoid difficulties 
due to the presence of chlorine or sulphur in the catalyst preparations 
the use of salts of nickel containing none of these poisons is to be 
recommended. The organic salts of nickel have therefore been em- 
ployed to a considerable degree for such purpose. As examples, the 
use^ of the formate, acetate, and lactate, of nickel carbonyl and of 
various fatty acid and amido-salts of nickel, is indicated in the literature 
of the subject. The use of salts such as formate and acetate forms 
the basis of a series of patent claims by Wimmer and Higgins.^ By 
employing the formate, for example, Higgins claims that the velocity 
of hydrogenation is accelerated by presence of the formic acid. This 
latter may be present to the extent of 1 or 2 per cent, and may even 
be introduced along with the hydrogen by passing the gas before 
entering the reaction chamber through a solution of the volatile acid. 


1 

3 


Proc. Soy. Soc., 1921, 99a. 490. 8 j p^ysiad Gkem., 1921, 25. 89 

Ber., 1924, 57, 136. 142. ‘ B.P. 18282/1912 ; P.P. 441097/1911 and 454501/1913. 
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Alternatively, Wimmer and Higgins have proposed the preparation of 
catalysts by the reduction of such salts in a suitable protecting medium, 
such as the oil to be hydrogenated. After a period of time the oily 
mass becomes black in colour, the mixture thus obtained being added to 
the main body of oil to be hydrogenated. The temperature of hydro- 
genation is apparently 180°-200®. The nature of the catalyst thus 
obtained is doubtful. Commenting on these preparations, Erdmann 
states that the organic salts do not act themselves as catalysts. Bedford 
and Erdmann ^ claim that at 210"" the salt is broken down, yielding the 
suboxide, which is the catS^lytic agent as in their process, whereas, at 
the higher temperature of 250°, metallic nickel is obtained. Incident- 
ally, small amounts of nickel soaps result from the reaction. In 
order to suppress the concentration of free fatty acids resulting from 
such catalytic hydrogenation, Wimmer recommends the addition of 
drying agents to the catalytic material and proposes ignited sodium 
and magnesium sulphates for such purpose. 

In order to promote intimacy of contact between catalyst and oil 
fat the use of nickel soaps as catalytic agents has been suggested. 
De Kadt ^ cites a mixture of the nickel and iron or copper soaps of 
fatty acids having a higher melting point than that of the hardened 
fat. After the catalytic operation is completed the soap is separated 
by agglomeration of the particles in the quiescent liquid or by filtration 
of the hot oil, the soap being retained on the filter. The aim in this 
method of operation is clearly to promote mutual solubility of contact 
material and substrate in order the more efiectively to carry the 
hydrogen to the unsaturated fat. In the use of such materials, how- 
ever, Bedford and Erdmann claim that the oxide and suboxide are the 
active agents. 

Nickel carbonyl, Ni{C0)4, the volatile compound discovered by 
Ludwig Mond and used so extensively in the preparation of pure nickel, 
has likewise been suggested as starting-point for the preparation of the 
catalyst. The claims of Shukofi ^ and of Lessing ^ may be mentioned 
in this connection. Nickel carbonyl is readily miscible with oil, and 
on heating to 200° is decomposed, depositing metaUic nickel in a finely 
divided and active form. Lessing proposes the simultaneous intro- 
duction of the hydrogen and carbonyl in order to cause the formation 
of the metaUic catalyst in the immediate presence of the hydrogen. 
He suggests that the gases employed need not be of great purity and 
that large amounts (up to 25 per cent) of carbon monoxide are per- 
missible. Thus a hydrogen containing from 5 to 10 per cent of carbon 
monoxide may be passed over reduced nickel and thence direct to the 
oil maintained at a temperature of 2(X)°-240°, the unabsorbed gases 
being returned to the starting-point for renewed passage over nickel 
and into the reaction mass. The amount of nickel required is said to 

1 Loo. cit. ^ B.P. 18310/1912. 

3 D.R.P. 241823/1910. ^ B.P. 18998/] 912. 
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s small, excellent results being yielded by OT part of nickel per 100 
arts of oil. Ellis has studied the use of nickel carbonyl and records 
milar results,^ observing, however, that the greatest difficulty attending 
s use appears to be the removal of finer portions of the nickel 
recipitate from the oil after hydrogenation — but this may be accom- 
iished bv the observance of due precaution in filtration ’ . The 
italyst may, he further observes, be repeatedly used, and its 
!generatioii is, relatively, a simple matter. 

Maxted ^ has studied quantitatively the inhibiting effect of carbon 
lonoxide upon the hydrogenation of an unsaturated glyceride in 
resence of finelv divided nickel as a catalyst. There is a very marked 
Disoning effect, especially pronounced at the lowest concentrations 
: carbon monoxide. Thus, 0*25 per cent carbon monoxide decreased 
le hourly absorption of hydrogen by a third, whereas an additional 
75 per cent of the poison effected a further reduction of one-third- in 
le amount of hydrogen consumed. 

Mechanism of hydrogenation of nnsaturated liauids. — In the realm 
: solid-liquid interface reactions at metallic surfaces, the studies of 
rmstrong and Hilditch ^ on the rate of hydrogenation of unsaturated 
)mpounds at the surface of a nickel catalyst are both comprehensive 
id convincing. Several workers, such as Pokin,^ Moore, Richter, and 
m Arsdel,^ Ueno,® Ubblehode and Svanoe,'^ and Thomas,^ have 
iserved an approximation to a unimolecular action in hydrogenation 
■ liquid systems at a nickel surface. Employing as pure materials as 
luld possibly be obtained, and working under mechanical conditions 
vouring maximum contact of the gaseous, liquid, and solid com- 
ments of the system, Armstrong and Hilditch found that unsaturated 
ycerides containing mixtures of olein and less saturated glycerides 
Lve characteristic curves, more nearly a series of two straight lines 
an a combination of two unimolecular curves. The first (almost 
lear) segment corresponded to the portion of the process in which 
lalysis of the product has shown that the main action is the trans- 
rmation of less saturated glycerides to olein, and the second portion 
ot so straight) covers the part of the action in which olein (with the 
)-oleins also formed in this action) is passing to stearin. 

Later, Armstrong and Hilditch extended the study to suitable un- 
fcurated organic individuals which could be obtained in a state of 
Bater purity than the non-volatile glycerides. The linear character 
the absorption of hydrogen-time curves became very definite. It was 
\o shown how the linear curves could be transformed into unimolecular 
rves (i.) by the presence of a substance which slowly combines with 

^ Hydrogeiuition of OilSf p. 97 (Constable, London). 

“ Tram. Farad. Boc.^ 1918, 13, 36. 

3 Proc. Roy. Soc., 1919, 96a, 137 ; 1920, 9BaI 27 ; 1921, 100a, 240. ' 

^ Zeitsch. angew. CMm.^ 1908, 22, 1451, 1492. 

® J. Ind. Eng. Chem.^ 1917, 9, 451. ® J. Ghent. Ind. Tohio, 1918, 21, 749. 

^ Zeilsch. angew. 1919, 32, 257, 276. ® J. Soc. Ghent. Ind., 1920, 39, 120. 
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the catalyst to form a permanent compound (permanent catalyst 
poisoning) or (ii.) by the accumulation of gaseous impurities in the gas- 
space above the acting system (thereby altering the otherwise constant 
concentration of hydrogen above the liquid). A further possibility 
resulting from this latter effect is that such gaseous impurities may 
have been preferentially adsorbed by the nickel catalyst and thus 
exercised a retarding influence on the reaction more than proportionate 
to their actual concentration in the gas phase. The linear curves 
obtained by x4.rmstrong and Hilditch in these studies undoubtedly 
indicate that the chosen experimental conditions gave a catalyst surface 
which was, initially and for a prolonged period of time, completely 
saturated with reactants. The deviations from linearity in the later 
stages of the reaction are also to be ascribed in part to competition of 
reaction products for the nickel surface, since it has been shown ^ that 
even saturated hydrocarbon systems, e,g. ethane, cyclohexane, are 
strongly adsorbed by catal}i:ic metals. 

Throughout the preceding work the operating pressure of hydrogen 
gas was maintained constant. In a subsequent contribution Armstrong 
and Hilditch ^ discussed the influence of variation in the hydrogen 
pressure. In this investigation the greater complexity of the 
bimolecular reaction at an interface reveals itself quite definitely. 

(i.) Normal . — ^In the absence of substituent groups of the kind 
discussed below, (iii.), and in presence of sufficient nickel (in general, 
so long as at least 0*1 per cent of nickel is present), the ethylenic 
union is hydrogenated at a rate which is in almost exact proportion to 
the absolute pressure of the hydrogen. 

(ii.) Suhyiormal. — ^At very low concentrations of catalyst (say 0*01 
bo 0-02 per cent of nickel reckoned on the organic compound) the 
increase in rate of hydrogenation becomes less than proportional to the 
increase in pressure. The compounds which absorb hydrogen most 
readily are in general more prone to show this subnormal effect when 
the catalyst concentration is dim i nished, and it is especially marked in 
the case of multi-ethylenic compounds such as derivatives of linoleic 
acid or linolenic acid or with citral. 

(iii.) Abnormal . — If the unsaturated compound contains another 
group which has affinity towards nickel (but is not open to hydro- 
genation), it is found that increase in hydrogen pressure causes an 
increase in the rate of hydrogen adsorption in more than simple pro- 
portion to the altered concentration of hydrogen. This has been 
observed with unsaturated alcohols and unsaturated carboxylic acids. 
Unsaturated aldehydes or ketones, on the other hand, show normal or 
subnormal behaviour. 

The results are broadly, then, that increase in concentration of 

^ Pease, J. Amer. Chem. Soc., 1923, 45, 1196 ; Bouglierty and Taylor, J. Phi/siccd Chem., 
L923, 27, 533. 

^ Proc. Roy, Soc., 1921, 100a, 240. 
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hydrogen causes a directly proportionate increase in the rate of hydro- 
genation providing there are no disturbing factors ; and that the 
increase in rate of hydrogenation becomes abnormally large if other 
groups active towards nickel but not open to hydrogenation are present. 
In other words, the nature of the organic compound has a determining 
influence on the efiect of hydrogen concentration. 

By analogy with- results of Rideal and Pease on the mechanism of 
hydrogenation of ethylene at gas-solid interfaces the proportionality 
between rate and pressure in the normal case is to be ascribed to the 
fact that the extent of association between nickel and organic compound 
is large as compared with that between nickel and hydrogen. The 
accessibility of the hydrogen to free nickel surface (which will be 
small) varies directly as the hydrogen pressure. In the subnormal 
cases it is apparent also that the low concentration of nickel means a 
still lower accessibihty of hydrogen to free nickel surface, the reduction 
in catalyst quantity being less unfavourable to the more strongly 
associated reactant, the unsaturated body. In the case of abnormal 
variation with pressure, the abnormality apparently hes in the secondairy 
association of nickel with the unsaturated body at the second group 
which is not subject to hydrogenation. If it be assumed that this is 
a position of stronger association with nickel than the unsaturated 
hnkage which can be hydrogenated, it follows that the influence of 
increased hydrogen pressure will be greater than in the case where 
only one type of association between nickel and unsaturated body is 
possible. It will need careful and painstaking research to verify such 
a point of view quantitatively. The work of Langmuir and Hardy 
previously cited is a beginning in. that direction. Progress, however, 
may come more rapidly by the study of mechanism in vapour phase 
reactions, where, as Pease has shown, it is possible more easily to follow 
the variation of interfacial concentration. 

Hydrogenation of -Unsaturated Compounds { continued ) 

The acetylene linkage. — This is extraordinarily readily hydrogenated 
in presence of metalhc catalysts. With nickel, acetylene and hydrogen 
in the volume ratio of 1 : 2 react so intensely that, with gas and catalyst 
originally cold, sufficient heat is developed to raise the temperature of 
the nickel to 150°. The product is a mixture of unchanged acetylene, 
some ethylene and saturated hydrocarbons, together with some carbon 
as a decomposition product. Excess of hydrogen favours ethane 
production. With excess acetylene, complex hydrocarbons, ahphatic, 
aromatic, and hydroaromatic, may be recovered from the product. 
Ross Culbertson and Parsons ^ have studied in detail the hydrogena- 
tion of acetylene to give ethylene. Nickel was employed as catalyst. 
They showed that, initially, a hydrogen-acetylene mixture gave mainly 
1 J. Ind. Eng. Chem., 1921 , 13 , 775 . 
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Btliane. This they ascribe to hydrogen already adsorbed by the nickel. 
Yhen such hydrogen is consumed a product containing 80 per cent 
ethylene is obtained, the best results being given when the hydrogen is 
n slight excess of theory. As the acetylene in the mixture is increased, 
:he ethane produced decreases and the sum of the ethylene and 
icetylene increases. The authors showed that both ethylene and 
icetylene will undergo hydrogenation at a temperature as low as 
-10° C. with an active nickel catalyst. Paal and his co- workers ^ 
bund that combination of hydrogen and acetylene occurs when a 
nixture of these gases is shaken with colloidal solution of platinum or 
palladium in water. With equal volumes of reactants the product 
contained 80 per cent ethylene. Copper is less suitable than nickel as 
L catalyst ^ owing to the formation of cuprene, a complex liquid 
lydrocarbon. 

The carbon-nitrogen linkages. — The triple linkage between carbon 
Lnd nitrogen is readily hydrogenated with metallic nickel as catalyst. 
Che nitriles yield the corresponding ]3rimary amine : 

RC ; N + 2H2 R . CHs . NH^. 

secondary reactions occur, however, in presence of such a catalyst, 
.nd so a percentage of the product is composed of secondary and 
ertiary amines with an accompanying formation of ammonia : 

2R . GH2 . NH2 — > (R , CH2)2NH + NHg, 

R . CH2 . NH2 + (R . CH2)2NH (R . CH2)3N + NH3. 

The quadruple linkage between carbon and nitrogen present in 
arhylamines R . N ; C is hydrogenated at 160°-180° in presence of 
dckel. Secondary amines of the type R . NH . CHg are the main 
)roduct associated with small amounts of other amines. 

The isocyanates, R . N : CO, yield at 180 '"-190° a secondary amine 
md water : 

R 

R.N:GO + 3Ha = HiiO + ]SrH< . 

^CH3 

'he water formed reacts with a portion of the isocyanate, forming a 
isuhstitiited urea (R . NH)2CO and carbon dioxide. The derivative 
f urea is in its turn hydrogenated, yielding water and a primary and 
econdary amine : 

(RHN . )2CO + 3H2 - HgO + NH2R 4- R . NH . CH3. 

The carbon-oxygen double linkage. — Hydrogenation of the carbonyl 
roup, CO, yields in general the corresponding secondary alcohol 
rouping, CH . OH. Aldehydes therefore 3deld the corresponding 
rimary alcohols, with some tendency to hydrocarbon formation. 

1 5er„ 1915, 48, 275, 1195, 1202. ^ Compt. rend., 1900, 130, 1559. 
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Thus at 90° from formaldehyde some methane results along with the 
methyl alcohol ; henzaldehyde yields some benzene and toluene at 
210°-235° ill presence of nickel. Aliphatic ketones yield secondary 
alcohols with ease by catalytic reduction, and the absence of secondary 
reaction products is remarkable, quantitative yields being frequent. 
Aliphatic ketonic acids are reduced to the corresponding hydroxy-acid ; 
subsequent eHmination of water may give rise to the lactone. Thus, 
IsevuHnic acid, at 250°, with nickel, yields y-hydroxyvaleric acid, which 
is immediately converted to valerolactone, 

CH3 . CO . CH2 . CHg . COOH — > CH3 . CH . CH2 . CH2 . CO + H^O. 


Aromatic ketones do not yield the secondary alcohol, but, on the 
contrary, the corresponding hydrocarbon. The quinones are readily 
hydrogenated to the corresponding dihydroquinones. 

The benzene nucleus. — ^As is well known, the reduction of the 
benzene ring to more saturated cyclic products is, comparatively, a 
difficult operation by ordinary organic processes. Thus, with hydriodic 
acid as reducing agent, benzene does not yield cyclohexane but the 
isomeric methylpentamethylene, boihng at 69°. With the higher 
hydrocarbons, a certain quantity of open-chain ahphatic hydrocarbons 
always results. Moreover, such a procedure is not a]3plicable at all to 
many of the benzene derivatives, such as phenol or anihne. Sodium 
amalgam and hydriodic acid have been employed with success, 
however, with acidic benzene derivatives. 

The use of metallic catalysts has provided a method capable of 
fairly general application to the hydrogenation of the benzene nucleus. 
According to Sabatier it is undoubtedly the most important of the 
operations that reduced nickel has rendered possible in synthetic 
organic chemistry. At temperatures in the neighbourhood of 180° 
the aromatic nucleus may readily be hydrogenated in presence of nickel 
without isomerisation of the products or production of secondary 
reactions, and with, therefore, practically quantitative yields. 

Early experiments of Lunge and AkunoS ^ had demonstrated a 
partial hydrogenation of benzene to cyclohexane, in presence of platinum 
black, at the ordinary temx3erature, or, better, at 100°. Palladium 
sponge, on the other hand, yielded cyclohexene, CgH^Q. The composi- 
tion of the products was deduced from the contraction in volume of 
the gases and is therefore uncertain. The catalytic activity of the 
metal also rapidly diminished. The work of Sabatier and Senderens 
demonstrated the efficiency of the reduced nickel catalyst. 

Thus, at temperatures above 70° benzene was directly hydro- 
genated to cyclohexane. The velocity of reaction attained a maximum 
in the temperature interval 170°-190°, and in this range cyclohexane 

^ Zeiisch. aTiorg. Chem., 1900, 24, 191, 
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was produced practically quantitatively with a single passage over the 
catalystj no side reactions occurring. At higher temperatures, more 
especially above 300^^, some methane was produced and carbon was de- 
posited in small amount on the nickel. The higher homologues could 
similarly be treated, yielding the corresponding homologues of cyclo- 
hexane. If, however, the substituent group were complex, as, for example, 
ethyl, propyl, butyl, etc., a certain quantity of a lower homologue of the 
saturated six-membered ring was simultaneously produced. Thus, for 
example, from ethyl benzene, in addition to ethyl cyclohexane, methane 
and methyl cyclohexane were produced, whilst from propyl benzene 
both methyl and ethyl cyclohexene resulted, in addition to the propyl 
cyclohexane. A high reaction temperature favours this dissociation of 
the molecule into simpler components, so that, in general, a temperature 
not higher than 180° is employed. 

An attempt was made by Dougherty and Taylor ^ to gain some 
insight, by kinetic measurements, into the mechanism of the catalytic 
reduction of benzene to hexahydrobenzene. The results indicated that 
the reaction does not occur at all according to the stoichiometric 
equation, as calculated from gas concentrations, but at rates governed 
by the distribution of the reacting materials between the catalyst and 
the gas phase. The trend of the reaction with change of temperature 
was studied. It was found that, above 230° C., quantitative yields 
could no longer be obtained. This has also been found by Pease and 
Purdum ^ with copper catalysts. These can be made reactive in the 
synthesis, contrary to the statements of Sabatier as to the absence of 
catalysis with copper. The deviations from complete reaction above 
230° with nickel suggests that the catalysed reaction may be the forma- 
tion of dihydrobenzene, which is then' further saturated in the gas 
phase. Water vapour in small amounts, up to 2 per cent of the 
hydrogen volume used in the reaction mixture, had only a slight 
depressing efiect on the reaction velocity. Carbon monoxide in small 
amounts, about 2 per cent of the hydrogen volume, had a very marked 
poisoning effect, particularly at low temperatures of 100° or under. As 
the reaction temperature was raised the poisoning was less noticeable. 
In large quantities, however, around 50 per cent of carbon monoxide, 
the reaction was completely stopped at 180°. Hexahydrobenzene, at 
low temperature, 100° or less, had a depressing effect on the reaction 
velocity. This effect disappeared at higher temperatures, in the 
neighbourhood of 180°. Prom experiments at 80° and 90° C. it was 
shown that the temperature coefficient of the- reaction measured is 
approximately 3T : 1-9 or 1-65 per 10-degree rise. This is evidently 
the temperature coefficient of a chemical reaction as opposed to that 
of a diffusion process. Pease and Purdum show that benzene depresses 
the reaction velocity on copper catalysts. 

The reversibility of the hydrogenation processes dealt with in these 

^ J. Physical Ohem., 1923, 27, 533. ^ J. Amer. Ghem. Soc.f 1925, 47, 1435. 
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pages is most apparent in connection with the hydrogenation of the 
aromatic nucleus. Elevation of temperature favours the reverse re- 
action, so that, as the temperature is raised, the yield of hydrocarbons 
of the cyclohexane series diminishes. At temperatures above 230 ° the 
hydrogenation of the unsaturated bodies practically ceases, the reverse 
reaction completely prodominating. Elsewhere in this book the de- 
hydrogenation processes receive a general treatment, so that further 
comment is not necessary in this place beyond the statement that a 
study of the equilibria in such systems offers a profitable field of 
investigation for the physical chemist interested in the application of 
physico-chemical measurement to synthetic organic processes. 

Substituted benzenes with unsaturated linkages in the side. chains 
are, naturally, converted by catalytic hydrogenation into the corre- 
sponding fully saturated hydrocarbons of the cyclohexane series. Thus, 
phenyl acetylene, OgHg . C : CH, yields practically exclusively ethyl 
cyclohexane. 

Hydrocarbons containing several aromatic nuclei are transformed 
into the corresponding fuUy saturated compounds. Thus, diphenyl 
methane, CH2(CgH5)2, }’ields dicyclohexyl methane, CH2(CgH22)2* 
Diphenyl, C^Hg . CgHg, yielded to Eykman ^ the compound C^Hg . CgHji, 
phenyl cyclohexane. Sabatier and Murat ^ obtained the saturated 
product, CgHji . CgH22. 

Catalytic hydrogenation of the phenols, using nickel, occurs readily 
in the temperature interval 180 °- 220 °. The corresponding hydroxy- 
derivatives of the cyclohexanes are obtained. Thus, phenol yields 
cyclohexanol with small quantities of cyclohexanone. The operation 
is, however, more difficult with polyphenols, since the temperature 
limits in which the reaction can be effected are narrow. If the tem- 
perature is too low, reaction velocity is small, whilst at more elevated 
temperatures decomposition of the molecule occurs with production of 
phenol and benzene, which then hydrogenate normally. Derivatives 
of phenol such as anisol, CgHgO . CHg, may be hydrogenated below 150 °, 

Aromatic alcohols are not susceptible to catalytic hydrogenation 
without rupture of the molecule. Thus, benzyl alcohol yields toluene 
and methyl cyclohexane in presence of nickel at 150 °. 

Aromatic amines, as, for example, aniline, CgHg . NHg, yield the 
cyclohexyl amine with simultaneous formation of some ammonia, 
benzene, and cyclohexane, in addition to the formation of some 
derivatives of the secondary amine, (CeH22)2NH. Secondary alkyl aryl 
amines are readily hydrogenated in the aromatic nucleus at 160 °- 180 ° ; 
thus methyl anihne yields methyl cyclohexylamine. 

With aromatic acids the catalytic activity of the nickel ceases after 
a very brief interval, as was shown by Sabatier and Murat.® By 
hydrogenation of the esters, however, with subsequent saponification, 
these authors obtained an 80 per cent yield of the hexahydro-acid. 

'^ ■Ckem. Weekhlad, 1903 , 1 , 7 . ® Compt, r&nd„ 1912 , 154 , 1390 . ® Ihid., 923 . 
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Miscellaneous ring structures. — The hydrogenation of ring structures, 
other than the aromatic ring, follows the same general principles as 
are outlined above for the. benzene derivatives. The stability of the 
saturated ring, however, determines whether the end product is ring 
or open chain. Thus, cyclopropane fields propane. Cyclobutene gives 
first cyclobutane and then by further hydrogenation yields butane. 
Cyclopentadiene yields cyclopentane. Cyclohexene and cyclohexa diene 
both yield cyclohexane. 

Tetravalent terpenes fix two molecules of hydrogen. The divalent 
terpenes fix one molecule. Thus, limonene, menthene, and cymene all 
yield menthane. 

Naphthalene yields tetrahydronaphthalene with nickel at 200°. At 
175° the hydrogenation may proceed further to decahydronaphthalene 
or naphthane. Similarly, the naphthols yield the corresponding deca- 
hydronaphthols. With anthracene, likewise, the hydrogenation is the 
more complete the lower the temperature at which the reaction is 
conducted. 

Considerable technical development has occurred recently in the 
hydrogenation of naphthalene, the products tetrahydronaphthalene, 
decahydronaphthalene, and a mixture of the two, marked as “ Tetralin 
Extra ”, have become familiar in the last few years. A factory of the 
Tetrahn G.m.b.H, at Rodleben, near Breslau, has a plant with a daily 
capacity of 120 tons of the tetra-derivative. The technical problem is 
largely one of purification, the removal of thio-bodies from the material. 
This is attempted by a process of adsorption from the fused naphthalene 
by such agents as fuller’s earth and kieselguhr, together with an alkali 
metal or even with spent nickel catalyst. The hydrogenation process 
is carried out in fused naphthalene at a temperature of 180 ^-200° G. 
under a working pressure of 15 atmospheres of hydrogen, a supported 
nickel catalyst being used. The hydrogenated products have found 
use as a turpentine substitute and as solvents.^ The tetrahydro- 
derivative appears to be a promising material as starting-point for a 
new series of dyes. A very complete study of the hydrogenated 
naphthalenes has been given by Schroeter.^ Braun and Erschbaum ^ 
have extended Schroeter’s stui.es to the hydrogenation of indene and 
acenaphthene in the pure liquids with nickel catalysts. 

Heterocyclic compounds may be reduced in presence of nickel. 
Pyrrol gives a 25 per cent yield of pyrrolidine. Pyridine is only 
slowly reduced, but yields open-chain compounds and not piperidine. 
Quinoline gives an excellent yield of tetrahydroquinohne. 

Hydrogenation with Rupture op the Molecule 

As exemplified in several instances cited in the previous sections^ 
hydrogenation in presence of metallic catalysts results in a rupture of 

1 VoUmann, Farhm-Zeit., 1919, 24, 1689. ^ Annalen, 1922, 426, 1. ^ Ber., 1922, 45, 1680. 
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the molecule in addition to hydrogenation of the molecule and of the 
products of the rupture. Thus there is a general tendency for long' 
chain hydrocarbons to break down into simpler molecules during the 
hydrogenation process. Similar behaviour was noted with the sub- 
stituted benzene hydrocarbons. The production of hydrocarbons other 
than ethane in the hydrogenation of acetylene is to be attributed to 
the same cause, the setting at Hberty of the two CH radicals leading to 
combinations of various forms. Sabatier and Senderens, by treating 
acetylene with hydrogen in presence of nickel, obtained as much as 
20 c.c. of a clear yellow liquid quite comparable with natural petroleum, 
possessed even of a slight phosphorescence as is usual with the natural 
product, and in which higher saturated hydrocarbons, such as pentane, 
hexane, heptane, octane, nonane, decane, etc., were aU present. By 
suitable modifications of the modus operandi, yields of liquid could be 
obtained with properties corresponding in difierent samples with the 
various petroleums from different oil-bearing districts. The different 
types of oils were produced with such success that Sabatier suggested 
the theory that many such natural oils had been formed in such manner 
by catalytic action of metals on mixtures of gases in the earth’s interior. 
This work forms an important contribution to the subject of the origin 
of petroleum oils.^ 

The anhydrides of fatty monobasic acids rupture when hydrogenated 
at 180^ and yield an acid and an aldehyde : 

(R . 00)^0 + Ha — ^ R . COOH + R . CHO. 

The latter is, naturally, partially reduced to the corresponding alcohol 
in the process. 

Hydrogenation of ethers is difficult catalytically, but when con- 
ducted above 250^^ rupture occurs, yielding the hydrocarbon and 
alcohol corresponding, the latter itself being further ruptured in part, 
e.g, 

(CoHgjaO + Ho — ^ CoHg + CHs , CHa . OH, 

CH3 . CHa . OH = CH3 . CHO + H^ - CH^ + CO + Ha. 

The action in the case of alkoxy-derivatives of benzene has already 
been cited. Below 150° they hydrogenate normally in the nucleus. 
A certain amount of rupture simultaneously occurs, yielding cyclo- 
hexane and the aliphatic alcohol. Above 300°, however, no hydro- 
genation of the nucleus occurs, and the products are phenol and the 
aliphatic hydrocarbon or benzene and the aliphatic alcohol : 

CgH, . OR -f So — > C3H5 . OH + RH, 

CgHsOR + Ha — ^ CgHg +.ROH. 

Numerous examples of rupture of nitrogen-containing compounds 
have already been cited. 

^ Sabatier and Senderens, Compt. rend., 1899, 128, 1173 ; 1900, 131, 187, 267 ; 1902, 134, 
1185. 
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Selective hydrogenation. — The term selective hydrogenation may 
be used to indicate the preferential saturation of one or more double 
bonds in compounds containing several unsaturated centres. Several 
examples of such selectivity have already been discussed. Thus, un- 
saturated ketones riiay be catalytically converted to the saturated 
ketone without simultaneous reduction of the ketonic grouping. Un- 
saturation in a side chain may be removed without hydrogenation of 
the benzene nucleus. The problem acq^uires both theoretical and 
technical significance when reference is made t6 the selective hydro- 
genation of ethylenic bonds in long hydrocarbon chains. In the 
hydrogenation of oils the possibility exists of the conversion of the less 
saturated glycerides of linoleic and linolenic acids into glycerides of 
oleic acid before the latter are transformed into stearin. 

Paal and his co-workers,^ in their studies of catalytic hydrogenation 
in presence of the colloidal platinum metals, showed that such a step- 
wise reduction could be achieved in this manner when the two double 
bonds in the compound were separated by more than two carbon 
atoms. They showed, on the other hand, that, with a system of 
conjugated linkages — C : C . C : C — ^no selective hydrogenation occurred, 
the completely saturated product being produced. 

H. K. Moore, Eichter, and van Arsdel,^ from a study of the rate of 
hydrogenation of cotton-seed oil, concluded that the process was 
selective, linolein passing to^ olein before any appreciable amount of 
olein was hydrogenated. Hfiditch and C. W. Moore ^ showed, by 
analysis of samples withdrawn at intervals from the hydrogenation 
system, that, iti a wide variety of oils (cotton-seed oil, ethyl esters of 
cotton-seed oil acids, maize, soya bean, and hnseed oils), hydrogenated 
at 180"^ C. with nickel and, in some cases, with copper catalysts, the 
amount of saturated derivatives present does not sensibly increase 
until the amount of linoleic derivatives has fallen to 10 per cent or less 
of the mixture. Correspondingly, the percentage of oleic derivatives 
increases at the expense of the linoleic compounds up to the same point. 
The free fatty acids from cotton-seed oil constituted an exception in 
which the hydrogenation was only partially selective. Eichardson, 
Knuth, and Milligan ^ have recently confirmed this conclusion with 
cotton-seed oil in presence of nickel, using a new method of analysis 
of the various products. They find the selectivity of the hydrogenation 
process to be more marked with increasing amounts of catalyst and 
with increasing temperatures up to an optimum in the neighbourhood 
of 200® C, More recently® the same authors have shown that with 
marine oils, such as menhaden or whale oil, the more highly unsaturated 
glycerides are hydrogenated without formation of substantial quantities 
of completely saturated bodies. An abrupt change occurs at an iodine 

1 5er., 1912, 45, 2221. 2 J. Ind. Eng. Ghem., 1917, 9, 451. 

® J. Soc. Chem. Ind., 1923, 42, 15t. * J. Ind. Eng. Gh&m., 1924, 16, 519. 

® J. Ind. Eng. Chem., 1925, 17, 80. 
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value of approximately 84, at wliich nearly all tlie esters of more than 
two double bonds have disappeared* Below this critical point, hydro- 
genation results both in the formation of saturated acids and in the 
conversion of Cgo and Cgo acids containing two double bonds to corre- 
sponding acids of one double bond. Here, evidently, the principle of 
selectivity is only partial. One may venture as a possible explanation 
the view that the members non-selectively hydrogenated may have a 
conjugated double bond system, as indicated earher in reference to the 
work of Paal. 

The several facts disclosed by these researches indicate that the 
relative extents of adsorption of the more and less saturated com- 
pounds is one of the factors which determines the selectivity of the 
hydrogenation process. One would conclude from the results that the 
more highly saturated glycerides are preferentially adsorbed to a 
marked degree, especially in the lower temperature interval. As the 
temperature rises beyond 200° C. this preferential adsorption becomes 
less pronounced. Furthermore, preferential adsorption should, from 
these results, be less marked in the case of the acids than in the case 
of the glycerides. While quantitative data on selective adsorption in 
liquid systems of this kind are almost entirely lacking, the conclusions 
cited are to be anticipated from adsorption studies in solid-gas systems. 
There is a fruitful field for investigation here, preferably with simpler 
unsaturated systems than are the natural oils. 

RideaP has studied the relative rates of hydrogenation of the 
sodium salts of cinnamic and phenyl propiolic acids in presence of 
palladium sol protected by gum arabic. He found that, at low sol 
concentrations, the phenyl propiolate is hydrogenated at approxi- 
mately twice the rate of the cinnamate under the same experimental 
conditions. This suggests that the salt is not desorbed from the 
sol surface until completely saturated and that the propiolate takes 
up two hydrogen molecules in the same time as the cinnamate takes 
up one. 

Armstrong and Hilditch have recently indicated ^ the variabihty of 
the selective nature of the process with different organic molecules. 
Cinnamic aldehyde is first hydrogenated to phenyl propionic aldehyde. 
This latter is reduced, but not as rapidly as it is formed. Phenyl 
propyl alcohol and the corresponding ether are the main products of 
the secondary reduction. Cinnamic alcohol is a quite minor product 
of hydrogenation. 

Yavon ® has shown that, in presence of palladium black, carvone 


GH-CH, 

CHa.Cf >CH— G 

^CO— CH/ 



1 Tran^. Farad, Sm., 1923, 19, 90. 2 Chemie et Ind., August 12, 1924. 

® Campf. rend,^ 1911, 153, 68. 
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transformed by hydrogen into carvotanacetone 

CHs . c( ;;CH— CH(CH 3 )„ 

^co— ch/ 

ten into tetrahydro-carvone 

.CHo— CHo. 

CHg . CH<; >CH— CH(CH3)2, 

^CO— CHg/ 

id finally into the corresponding secondary alcohol. Armstrong and 
ilditch observed the same reaction with nickel. They also have 
town that citral, 

CHa^ 

}C . CH, . CHaCH, . C(CEs) = CE . CHO, 

CEf 

ves, first of all, citronellal, 

CHa 

>C . CHa . CH, . CHa . CH(CH3)CH, . CHO. 

CHa^ 

ibsequent hydrogenation is characterised by a predominance of the 
duction of the aldehyde gronp with formation of citronellol, which 
Dmerises for the most part into isopulegol, which is then hydrogenated 
menthol. 

The hydrogenation of carvone difiers then from that of citral in 
at, in the one case, the ethylenic linkage adjacent to the carbonyl 
oup is the first to be attacked, whilst in the other case the opposite 
true. In addition, the carbonyl group is the last to be attacked in 
rvone ; in the case of citral it ^sappears before the second ethylenic 
>nd is hydrogenated. Here are interesting problems in oriented 
sorption, or in bond stability. 

Vavon and his students have multiplied such cases of selective 
^drogenation. They have studied the distribution of hydrogen be- 
^een two unsaturated bodies and between unsaturated groups in the 
me compound.^ The method of experimentation has in each case 
en the study of the rate of hydrogenation in liquid system or in 
lution, using colloidal platinum as catalyst. Recently, Vavon has 
mmarised his researches ^ with a view to showing that the phenomenon 
steric hindrance, familiar in esterification, addition of bromine to 
^anic molecules, and the reagtivity of oximes, is also operative 
catalytic hydrogenation. Thus, in the distribution of hydrogen 

^ See, for example, Vavon and Kleiner, CompL rend., 1923, 176, 401 ; Vavon and Husson, 
npL rend., 1923, 176, 9S9 ; Vavon and Ivanoff, Gompt rend,, 1923, 177, 453 ; Vavon, 
npL rmd., 1910, 150, 1127 ; 1911, 152, 1675 ; 1911, 153, 68. 

® Eev. Geti. Sci., 1924 35, 505. 
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between an etLylenic hydrocarbon, G7 Hi 4, on the one hand, and either 
pinene or nndecylenic acid on the other, the nnsaturated hydrocarbon, 
CvHm, is progressively less hydrogenated as we proceed from ethyl 
propyl ethylene, the straight chain body, to trimethyl ethyl ethylene. 
Similar results are obtained with cinnamic acid, the a- and ^-methyl, 
and the a-dimethyl cinnamic acids. 



CHAPTER IX 


DEHYDROGENATION 

Catalytic metliods of eliminating hydrogen from organic compounds 
have become important in two branches of industrial chemistry, viz. 
the preparation of aldehydes from alcohols according to the equations 

. CH^ . OH + H^, ‘ 

CeHs . C,ft« . OH, . OH CgHs . . CHO + H„ 

and the cracking of hydrocarbons into fractions of lower boiling point, 
e,g. paraffins into petrols, ligroin, benzene, and other aromatic polycyclic 
hydrocarbons. 

Processes of catalytic hydrogenation are usually reversible ; indeed, 
this is so in all cases where the products remain in the same phase 
during hydrogenation or dehydrogenation. 

Thus, benzene can be converted into cyclohexane by hydrogena- 
tion over reduced nickel at 70° -200°. At 270° -280° cyclohexane 
undergoes dehydrogenation to benzene in presence of the same catalyst. 
We may thus consider the reaction 

CgHe + SHaZ^CeHi, 

as strictly reversible. 

In this and in many other cases the process of hydrogenation 
proceeds most rapidly at low temperatures, the equilibrium amount of 
the unsaturated compound being negligible at the usual temperatures 
of operation. 

With elevation of the temperature all the components of the 
system are usually present in sufficiently large amounts to be capable 
of measurement, and it is practically certain that in the hydrogenation 
of benzene below 270° the equilibrium, constant 

[CeHi,] 

could be arrived at from either side, 

Dougherty and Taylor^ attempted to evaluate this equiHbrium 

1 J. Physical Ohem., 1923 , 27 , 533 . 
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constant at various temperatures witli nickel catalysts but obtained 
no satisfactory data. Zelinski and Pawlow ^ used platinised asbestos 
and palladium. They showed that dehydrogenation of cyclohexane 
was already marked at 150° C. and that the action becomes rapidly 
more marked as the temperature rises. Platinum and palladium are 
superior to nickel for the purposes of an equilibrium study, since the 
authors note that no deposition of carbon occurs even at 408° C. 
Zelinski showed that the dehydration was selective, in that other 
saturated cyclic hydrocarbons could not be dehydrogenated. Thus, in 
a mixture of cyclohexane and cyclopentane only the former under- 
went the dehydrogenation process, which could therefore be used as a 
method of separating such bodies. Zelinski has applied such processes 
of dehydrogenation to a study of the constituents of the naphthenes in 
naturally occurring petroleums, and has shown that natural naphthenes 
of petroleum are mainly cyclical but are not hexahydroaromatic 
compounds.^ Cyclohexane al'ways yields a varying amount of methane 
when undergoing catalytic dehydrogenation : 

3C,Hi2— >2C6H6 + 6CH4, 

whilst methane resulting from the hydrogenation of carbon monoxide 
at 180°-2(K)° in the presence of reduced nickel commences to undergo 
dehydrogenation with the deposition of carbon at 350°-390° : 

CH4— >C + 2H2. 

Owing to the low vapour pressure of carbon at these temperatures, 
rehydrogenation of the deposited carbon does not proceed on lowering 
the temperature to 200°, and practically complete removal of the 
methane may be effected. 

The reversibility of the hydrogenation process, even in the case of 
fatty oils, is indicated by a patent to Levey, ^ who claims dehydrogena- 
tion of such bodies by subjecting them to the action of a catalytic 
agent in the vapour phase at temperatures exceeding those under 
which hydrogenation is accomplished. Normann ^ has confirmed this 
behaviour, which occurs even in the presence of hydrogen, although 
better results are obtained by using a current of another gas, pre- 
ferably carbon monoxide. Normann suggests that these results afford 
a possible explanation of the difficulty of reducing the iodine number 
of an oil to zero by catalytic hydrogenation and of the appearance of 
new unsaturated acids in the oil-hardening process, owing to the 
addition of hydrogen atoms in one part of the molecule and the splitting- 
off of others elsewhere.^ Brochet records anomalous results with castor 
oil,® which indicate that the same phenomenon may occur with this oil. 

1 Ber„ 1923, 56, 1249. See also Zelinski, Ber., 1911, 44, 3121 ; 1912, 45, 3677. 

2 Ber., 1923, 56, 787, 1716, 1718, 1723. s U.S.P. 1374589. 

^ Chem. Umschau^ 1923, 30, 3 ; J. JSoc, Chem. Ind., 1923, 42, 149a. 

® See C. W. Moore, J. Soc. Chem. Ind.^ 1919, 38, 320t ; Hilditch and C. W. Moore, J, JSoc. 
Chem. Ind,, 1923, 42, 15t. « BuU. 8oc, Qhim., 1923, 33, 626. 
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The Preparatiox op Aldehydes from Alcohols 

We have already noted that, in the preparation of formaldehyde 
from methyl alcohol, the initial stage of the reaction is a process of 
dehydrogenation : 

OHs.OH^^H.CHO + Hs, 

but, owing to the fact that all, catalysts hitherto employed to bring 
about this reaction gradually lose their activity, for some cause with 
no satisfactory explanation as yet, the preparation of formaldehyde 
bas been transformed into a fractional combustion process. The 
higher alcohols of the aliphatic series, as well as aromatic alcohols, can 
likewise undergo conversion into aldehydes with elimination of hydrogen 
in the presence of catalysts, and as such catalytic materials do not 
appear to lose their activity appreciably even with prolonged running, 
bhe technical development of such processes has been possible. 

The dehydrogenation of primary alcohols is a reversible action : 

R . CH 2 . OH ^ R , CHO -h H^. 

Hydrogenation of the aldehyde in the presence of reduced nickel 
proceeds rapidly at 180° in the case of the aliphatic compounds and 
below 230° for aromatic aldehydes. 

Rideal ^ has shown that with ethyl and isopropyl alcohols the de- 
hydrogenation equilibria can be fairly satisfactorily determined at low 
pressures of the gaseous system, and that the results obtained could be 
itilised to evaluate the thermal data for the reactions. Thus, for the 
iehydrogenation of ethyl alcohol a value of AH = 11,500 cals.' was 
obtained, in fair agreement with data from the heats of combustion of 
}he organic substances. 

At high temperatures, however, two other important side reactions 
Droceed with measurable velocity, tending to lower the yield of 
ddehyde : 

(a) The formation of saturated hydrocarbons by elimination of CO : 
R.CHO:^RH + CO. 

Below 300° only small amounts of hydrocarbon are obtained with 
;he aliphatic aldehydes, but the loss due to this reaction is usually 
lomewhat higher in the aromatic series. 

(h) Dehydration of the alcohol with the formation of unsaturated 
hydrocarbons : 

R . CHa . CH 2 . OH ^ R . OH : CHa + HaO, 

^ reaction which proceeds fairly rapidly at 400° in the presence of 
atalysts. 


^ Proc. Boy, Soc., 1921, 99a, 153. 
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Tlie employment ot metallie catalysts in tlie preparation of aldehydes. 

— In the conversion of ethyl alcohol to acetaldehyde, metalHc copper, 
obtained by reduction of fused copper oxide, gives the most satisfactory 
results. Formation of aldehyde can already he observed at 200°, but 
the optimum temperature for operation lies in the neighbourhood of 
310° with a permissible latitude of some 20°. At 420° more than 
16 per cent of the acetaldehyde is converted into hydrocarbons. With 
relatively low space velocities {circa 200) a 20 per cent conversion can 
be effected at normal temperatures of operation. The resulting 
mixture of aldehyde and alcohol vapour mixed with hydrogen and a 
very small quantity of aldehyde condensation products are passed to 
a relatively large copper fractionating column, whence the alcohol 
can he recovered and returned to the preheater situate in front of the 
catalyst tubes. The aldehyde and hydrogen recovered from the 
middle section and top of the dephlegmating column respectively are 
practically pure. It is said that the conversion of alcohol into aldehyde 
by this means is attended with a loss of well below 10 per cent when 
the due precautions are taken as regards temperature control. 

Propyl, butyl, isobutyl, and isoamyl alcohol undergo similar pro- 
cesses of dehydrogenation with formation of the respective aldehydes 
at temperatures varying between 220° and 300° in the presence of 
metallic copper. Bouveault^ cites the dehydrogenation of decyl 
alcohol, . OH, under reduced pressure by similar means. 

The most thorough study of the dehydrogenation process at a 
copper surface with a series of the saturated alcohols has been made by 
Palmer and his associates.^ The outstanding result of this work is 
that, on a given catalyst, the rates of dehydrogenation of tbe primary 
alcohols, ethyl, propyl, butyl, isohutyl, and isoamyl, are all equal within 
the hmits of experimental error, and the temperature coefficient 
is the same for all. Secondary propyl alcohol reacts with a velocity 
about five times that of the primary alcohols and has a sHghtly higher 
temperature coefficient. The results, taken in conjunction with the 
probable assumption that the activated layer of molecules is uni- 
molecular, show that these alcohols are adsorbed with the CH 2 OH 
group in contact with the copper surface and the hydrocarbon chains 
perpendicular to the surface. Constable, in the last of the series of 
these researches, shows that the reaction velocity at 250° C. with ethyl 
and butyl alcohols was independent of the pressure in the range 
10-140 cm. of mercury. It is evident therefore that, in this pressure 
range, the surface is practically covered with alcohol molecules and 
the mean hfe of the molecule in the activated unimolecular layer changes 
only slowly with the pressure over the range investigated. 

The investigation of this reaction has been extended by Sabatier ^ 

^ BvR, Soc. Chim., 1908, 4, 3, 50, 119. 

® Proc. Roy, Soc., 1920, 98a, 13 ; 1921, 99a, 412 ; 1922, lOlA, 178 ; 1924, 106a, 250 ; 
1925, 107a, 255, 270, 27. ® Ann. Chim. Phys.y 1905, 8, 4, 467. 
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nd by Bouveault ^ to secondary alcohols of the aliphatic series as well 
s to a certain number of aromatic aliphatic derivatives. 

Owing to the fact that the ketones prepared by the dehydrogenation 
f the secondary alcohols, according to the general reaction 


>CH . OH 
Ri/ 



Nco+Hj, 


,re more stable than the corresponding aldehydes, 


R. 


H' 


R' 


CO or 


H 


GO, 


emperatures higher than 300° can usually be adopted, resulting in a 
nore effective conversion of alcohol into ketone by one passage over 
he copper catalyst. Sabatier states that temperatures up to 400° 
an be employed with safety, and that a conversion of more than 75 per 
ent can be e:Sected by this means. 

Dehydrogenation of isopropyl alcohol commences at 150°, whilst 
)elow 300° the loss due to the formation of propylene is negligible. 
^-Butyl and 2-octyl alcohol are comparatively easily dehydrogenated 
.t 300°, whilst the formation of the unsaturated hydrocarbons does 
lot commence to be appreciable until 400°. 

Aliphatic alcohols containing a double bond, e,g, aUyl alcohol, 
IHg : CH . CHg . OH, are usually converted into the saturated 
ddehydes : 

CHg : CH . CHg . OH — ^ CH3 . CHg . CHO, 


i, simultaneous process of dehydrogenation and hydrogenation. 

According to Bouveault^ geraniol is an exception, since citral is 
)ractically the only product produced by passage over reduced copper 
it 200° under reduced pressure : 


C.CH3 

/\ 

HgC CH 

I 1 

H,G CHj . OH 
CH 


C.CHg 

/\ 

HjC CH 

I I 

H,C CHO 

X 

CH 


II 

CH3 .C . CH3 

Geraniol. 


CH3.C.CH3 

atraJ. 


The absence of cymene in the citral, which can be easily formed 
3y the elimination of water and closure of the ring, is under these con- 
iitions of dehydrogenation somewhat unexpected. Borneol, likewise, 

2 Log. cii. 


1 Bull. 80 c. CUm., 1906, 3, 35, 650. 
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CH. 


can be converted 2 >iactically quantitatively into camphor at 300° : ' 


CH 3 

CHo C — 


-CH . OH 


; CH,.C.CH, 


CH. C — 

H 

Bornecil. 


-CH. 


CH 3 

CH., C — 


-CO 


I CH.C.CH 


CHg-^C- 

H 


■CH, 


Camphor. 


In the presence of metallic copper, benzyl alcohol undergoes partial 
dehydrogenation at 300^, but at 380^ a poor yield of benzaldehyde 
is obtained, degradation to toluene and benzene taking place 
simultaneously. 

The conversion of phenyl ethyl alcohol, on the other hand, into the 
corresponding aldehyde is easily effected under reduced pressure. 

Sabatier and Senderens ^ have investigated the dehydrogenation of 
the alcoholic derivatives of cyclohexane. With cyclohexanol itself, the 
cyclohexane produced at 300° undergoes but little secondary decom- 
position, but with the various methyl cyclohexanols by-products such 
as the unsaturated ring compounds and cresols increase in amount 
with elevation of the temperature. 

Knoevenagel and Heckel ^ record an interesting case of ether 
formation with metallic copper at 280° : 


^ (CeH5)2CK 

C,H3 . CH . OH . >0 + H, 

whilst the conversion into benzophenone : 


CfiHsXH.OH.CeHs- 


C«H,^ 


00+ Ho 


occurs when heated in the absence of copper to 280°-295°. Sabatier 
cites this example as the only exception to the processes of dehydrogena- 
tion catalytically accelerated by the presence of reduced copper. It is 
interesting to note that these observers found that the preparation of 
benzophenone by this process of dehydrogenation could easily be 
effected in the presence of palladium black. Nickel is even more 
active than copper as a dehydrogenation catalyst. Thus, ethyl and 
the other aliphatic alcohols already undergo appreciable conversion 
some 50 degrees below that found necessary in the presence of copper. 
^^B^^dation of the aldehyde or ketone produced is, however, as a 
rule, much more marked, thus limiting the utility of this metal. For 

^ Goldsmith, B.P.a7573/1906. 2 

® Ber.. 1903, 36, 2816. 
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sample, 76 per cent of the propyl aldehyde produced by the dehydro- 
enation of propyl alcohol at 260'^ is destroyed during its passage over 
he catalyst material. 

Sabatier and Senderens ^ state that reduced cobalt is intermediary 
•etween the last two elements in catalytic activity, whilst platinum 
nd palladium exert an activity similar to that of nickel, although 
econdary degradation does not proceed to such a great extent. Thus, 
1 the dehydrogenation of ethyl alcohol in the presence of platinum 
lack, although conversion commences at 270° the rapidity of conver- 
Lon is not marked until a temperature of 370° is reached, when a 
5 per cent loss of acetaldehyde is obtained as a result of secondary 
egradations into methane and carbon : 

C2H5 . OH — > CH3 . OHO + Hg, 

CH3.CHO— ^OH^ + CO. 

Ixperiments with both zinc and brass have given unsatisfactory results, 
ccording to Ipatiew,^ but brass has been used technically for the 
.ehydrogenation of ethyl alcohol. 

The use of metallic oxides. — ^In the preparation of formaldehyde 
:om methyl alcohol we have already noted that the use of certain 
xides, notably those of aluminium and manganese, as catalytic 
laterials has been attended with, definite although somewhat poor 
ields of the aldehyde. 

The extension of the use of certain oxides to the dehydrogenation 
f the higher alcohols has been made by Sabatier and Mailhe,^ who 
rrived at the conclusion that they were less satisfactory than the 
letals owing to their lower reactivity, thus necessitating the use of 
igher. temperatures with a resulting increase in the secondary forma- 
on of hydrocarbons and carbon monoxide. These investigators have 
ussified the oxides investigated into three groups : 

(а) Those in which the catalytic activity for processes of dehydro- 
enation is most marked, e.g, 

E . CH2 . OH — ^ E . CHO + H2. 

hese include uranium, molybdenum, zinc, and vanadium oxides. 

(б) Those in wHch processes of dehydration are accelerated, e.g, 

E . GHa . CHg . OH — ^ E . CH-CHa+HaO, 

icluding non-calcined chromium oxide, silica, and titanium oxide, 

(c) Those which accelerated both reactions ; including the oxide of 
lucinum, zirconia, and calcined chromium oxide. 

With manganese oxide, dehydrogenation of the aliphatic alcohols 
oes not commence below 360°, at which temperature the conversion 

1 Ann. Ghim. Fhys., 1905 (viiL), 4, 473. 

2 Ipaticw, Ber., 1901, 34, 3579, and 1904, 37, 2961. 

2 Ann. Ghim. Phys., 1910 (viii.), 20, 313. 
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is only one-fortietla of that brought about by reduced copper under 
similar conditions, and secondary decomposition is already quite 
marked. 

Both the oxides of cadmium and tin exhibit interesting phenomena, 
in that their reactivities at 300° are comparable to those of metals ; 
simultaneous reduction to metal, however, occurs. The metals them- 
selves exhibit marked catalytic activity above their melting points, 
but owing to the gradual growth of large drops of the liquid metal at 
the expense of the smaller ones on account of their smaller vapour 
pressure the active surface of the catalyst is slowly reduced, causing 
a corresponding reduction in the space time yield for a given size of 
converter. 


The Gkackinq of Oils 

The “ cracking ” or resolution of hydrocarbons of high boiling point 
of the aromatic, and more especially of the aHphatic, series into simpler 
hydrocarbons, both saturated and unsaturated, of relatively low boiling 
point, is now a well-established industry. In principle the most 
efiective agencies for accomplishing these changes are temperature and 
pressure, but the influence of catalysts, apart from the specific action 
of surface contact, both on the velocity of conversion and also on the 
nature of the product obtained, is so marked that their industrial 
significance is now a matter of importance. At the same time, a study 
of their behaviour, although not throwing much light on the nature of 
the catalytic processes involved, is giving valuable information as to 
the methods of formation of the various products in the pyrogenetic 
decomposition. 

To Murdock (1792) must be given the credit for the observation 
that the efiect of heat on heavy oil was to produce a gas suitable for 
illumination. Since that time the cracking of heavy oils has been 
stimulated by the following factors : (i.) the relative increase in output 
of very heavy oils over paraffin, petrol, and natural gas owing to the 
increased rate of consumption of the latter ; (ii.) the increased demand 
for petrols and petrol ethers as fuels for internal combustion engines 
and solvents ; for paraffin in the stationary power engines of small 
sizes and for illumination, and for aromatic hydrocarbons as raw 
materials in the chemical industries. 

The primary decomposition of an aliphatic hydrocarbon into its 
simpler constituents prior to the rearrangement by sjmthesis of these 
decomposition products into open- or closed-chain hydrocarbons is the 
explanation of the “ cracking ” process now generally adopted. Ail 
evidence ^ points to the hypothesis that catalysts exert a considerable 
activity in the decomposition of the original hydrocarbon and may 

^ See the carefully compaed Hterature by Lomax, Dunstan, and Thole, J. Inst Pet. Tech . 
1916 , 3 , 9 , 36 - 120 . 
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exert a marked influence in the secondary synthesis. Since, in general, 
degradation and synthesis in the reactions cannot he separated, the 
exact functions of the catalysts employed must he considered at present 
as merely speculative in character. 

Two alternative theories have been advanced to interpret the j 

mechanism of the first or disintegrating stage of the cracking process, ; 

that of Berthelot ^ and the more recent one of Bone and Coward.^ 

According to Berthelot disruption proceeds in stages with the i 

primary elimination of hydrogen, with or without the simultaneous 
formation of methane and the production of an olefinic hydrocarhon 
containing one or more double bonds. Thus, ethane may be con- 
sidered to undergo the following alternative or simultaneous pyrogenetic i 

decompositions : 

CaHg H^O : CH, + 2H,a : GHj C^H. + HG : CH 

it ' ■ 

HG=CH+H2 

2 G 2 He HG : GH + 2GH4 + Ha 

tt 

GaHe + Ha. 

The intermediary formation of olefines as well as of di- and tri- 
olefines during the thermal decomposition of a paraffin is a well-known , 

phenomenon, having been confirmed by the researches of Thorpe and 
Young, ^ Haber, ^ and others. It is, furthermore, a matter of great 
technical importance in the preparation of motor spirits, since, on ’ 

storage, especially under the influence of fight, the di- and triolefines 
polymerise to form a gummy residue capable of making the inlet 
valves of internal combustion engines faulty in their action. Mono- 
olefines or chain hydrocarbons with only one double bond do not . 

appear to possess these objectionable characters to such a high degree, j 

and may be left in the spirit. This consideration should be noted, • 

since the olefinic constituent of a cracked petrol is a high one, and 
complete removal would entail a heavy loss both in spirit and in 
sulphuric acid. Fractional removal of the di- and triolefines can be 
accomplished by scrubbing with 1 to 2 per cent of sulphuric acid. ^ 

* Possible hydrogenation in solution by a catalytic process or in the 
vapour state at a low temperature suggests itself as a promising 
alternative. 

Bone and Coward, on the other hand, advanced the nascent radical I 

theory. On this view the hydrocarbon is considered to be at least 
momentarily split up into radicals, = GH, = CH2, and — CH3, having i 

a fugitive existence and undergoing immediate polymerisation to more , 

^ Oompt r&nd., 1866, 62, 905 ; 63, 788 ; ajid BvM^ Soc. Ohim,y 1867 (ii.), 7, 251. I 

2 J. Ghem. Soc., 1908, 93, 1197, » Proc. Roy. Soc., 1871, 19, 370. i 

* J.f. GasbdeuchL, 1895, 39, 377-830 ; Bar., 1896, 29, 2691. ; 
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complex hydrocarbons, usually, however, simpler than the original raw 
material. 

The formation of a double bond is an endothermic reaction, the 
first stage of the cracking process thus requiring the continuous supply 
of a considerable amount of energy, in a paraffinoid hydrocarbon 
amounting to approximately 30,000 cals, per grm.-mol. 

Hittman ^ has calculated the velocity constants of the typical 
cracking reaction, C' 2 Hg — ^ 2^4 + various temperatures with 

the following results : 

K 500° -0-027, 

K 750° -0-074, 
jS: 900° -1-28, 


Thus, the rate of double bond formation or commencement of the 
cracking process of ethane is already quite appreciable at 600*^. 

The formation of a diolefine may be the result of the further elimina- 
tion of hydrogen from a mono-olefine, or, according to Ostromisslenski,^ 
due to thermal decomposition with the liberation of a paraffin hydro- 
carbon, thus : 

CH 2 : CH . OH 2 . CH 2 . K — > CHa : CH . CH : CHg-tHH. 


Thus far, we have shown how in the simple cracking process the pro- 
duction of gases, such as methane, hydrogen, the lower paraffin hydro- 
carbons, and the olefines, can be accounted ior. Such products are 
usually obtained in the cracking of parafiSn up to 600°, whilst, according 
to Eittman,® petrol formation may already be obtained at as low a 
temperature as 400°. 

The formation of ring compounds. — ^According to Berthelot the 
formation of acetylene is possible in the process of degradation of a 
parafi&n under the influence of temperature and pressure with or 
without a dehydrogenating catalyst. Although the presence of acetylene 
has never actually been proved, it may be argued that almost in- 
stantaneous polymerisation to ring compounds takes place at tbe 
cracking temperature, thus : 


CEiCE'- 


E 




,R' 


E^yR 

R' 


According to Bone and Coward similar results would be obtained by 
the rapid polymerisation of the nascent radical ■ CH. 

It must not he forgotten, however, that the formation of stable 
ring compounds is also possible through the condensation of olefines, or 


i J. Ind. Eng. Ohem., 1915, 6, 1029 ; 7, 945 ; 1916, 8, 20. 
3 J, Russ. Phys. Chem. Soc., 1910, 42, 145 ; 1915, 47, 1947. 
3 J. Ind. Eng. Chem., 1915 and 1916, 7, 1019. 
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^hydrogenation of a triolefine. We have already noted that the 
Tmation of polyolefines is possible in a cracking process, and our 
lowledge of the extraordinary reactivity of the system of conjugated 
3uble bonds : 

.0:0. G:C., 

ould lead us to suppose that cyclic condensation would probably 
roceed via a polyole^c compound, and not through the hypothetical 
termediary formation of acetylene or of the stiU more nascent radical 
= 0H. Ipatiew^ has shown the formation of cyclohexane from 
-heptane via a : ti-hexylene, and Lebedev ^ the formation of the same 
)mpound from erythrene. 

Oychc polymethylenes and aromatic hydrocarbons may thus result 
om processes of polymerisation of olefines, diolefines, and acetylenes, 
: by the formation of closed rings from open chains by a process of 
shydrogenation. 

Since, whichever view be adopted, degradation has to proceed 
irther than in the preparation of petrols before the formation of 
y^clic compounds is possible, we would expect larger yields at higher 
racking temperatures and especially in the presence of dehydro- 
mating catalysts. The optimum temperature for aromatic hydro- 
irbons in practice is stated by Rittman to lie between 650® and 700®. 
or Baku petroleum, Smolensk!, Turowicz, and DobrowlsM® report 
imperatures of 680®-720® C. ; benzene, toluene, xylene, anthracene, and 
aphthalene are among the products. Above 800° thermal degradation 
) carbon and hydrogen commences to be a source of trouble and 
ydrocarbon loss, partly due to the ultimate dissociation of methane, 
H4 2H2 + Q, which is practically complete under 1 atmosphere 
ressure at 1200°. 

It must not be forgotten that, owing to the complex composition 
I the natural oil before cracking, the resulting product, when cracked 
b any given temperature and pressure of operation, wiU also be complex, 
hus, the presence of ring compounds when petrol is desired or vice 
ersa, or the occurrence of a carbon deposition in the retorts, stills, or 
}eel tubes, can scarcely be avoided. 

For the general effect of temperature and pressure on cracking 
rocesses, as well as the relative advantages of cracking in the vapour 
c hquid state, the reader is referred to the papers by Lomax, Dunstan, 
ud Thole cited above. 

Dehydrogenation of cyclic compounds. — ^Sabatier and Senderens^ 
lowed that cyclohexane at a temperature of 270°-280° in the presence 
E nickel underwent a process of dehydrogenation with the formation 
E benzene and methane : 

SCgHia — > 2C6H6 + 6 CH 4 . 

1 Ber., 1913 , 46 , 1748 . 2 J. Buss, Phys, Chem. Soc,, 1913 , 45 , 1249 . 

* J. Soc. Chem. Ind., 1922 , 41 , 402 a . * Oompt. Tmd.y 1897 , 174 , 616 . 


